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A.G.A, 


ALCh 2. 
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A.P.I. 


app. 
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Ar 
ar- 
as- 
ASA 


AS.M, 
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Angstrim unit(s) 

anion; as, ELA 

absolute 

alternating current 

alicyclic; as, ac-deriva- 
tives of tetrahydro- 
naphthalene 

American Chemical So- 
clety 

addition 

American Gas Associ- 
ation 

American Institute of 

_ Chemical Engineers 

American Institute of 
Mining and Metal- 
\urgical Engineers 

alcohol, alcoholic 

alkaline (not alkali) 

alkyl 

ampere(s) 

ampere-hour(s) 

amount (noun) 

anhydrous 

American Petroleum In- 
stitarte 

apparatus 

approximate (adj.), ap- 
proximately 

aqueous 

aryl 

aromatic; as, ar-deriva- 
tives of tetrahydro- 
naphthalene 

asymmetric; as, a8-m-~ 
xylidine 

American Standards As- 
sociation 

American Society for 
Metals . 


A.S,.M.LI. 
A.S.T.M., 
atm. 


at. no. 

at. wt. 
av. 

b. (as, Dis) 
B 

bbl. 

Bé. 

b.p. 
B.t.u. 

bu. 


CI, 

el. 

em, 
coeff. 
com, 
compd, 
compn. 
eoned, 
conen. 
cond. 
const. 
cor, 
Gp. 


American Society of 
Mechanical Engincers 

American Society for 
Testing Materials 

atmosphere(s), atmos- 
pheric 

atomic number 

atomic weight 

average 

boiling (at 11 mm.) 

base; as, B.2HC] 

barrel(s) 

Baumé 

boiling point 

British thermal unit(s) 

bushel (s) 

centigrade 

denoting attachment to 
carbon; as, C-alkyl 
derivatives of aniline 

ealorie(s) 

calculated 


cubic foot (feet) per 


minute 
centigram(s) ; 
centimeter-pram-second 
chemical 
Colour Index no, 
car lots 


_ centimeter(s) 


coefficient 
commercial 
compound (noun) 
composition 
concentrated 
concentration 
conductivity 
constant 


corrected 
. chemically pure 


x ABBREVIATIONS AND SYMBOLS 


crib. 
cryst. 
orystd. 
erysta. 


ou 
dl (as, (7?) 


d 
(- 


D- 


(he. 
dee,, deeomp. 
decompn. 
<leviv, 
etd. 
(let, 
(liam. 
diclee, 
dil, 
distd, 
distn. 
Dim, tl 
dm. 
e 
ed. 
elec. 
elev. 
om, 
ong. 
aq. 
equul. 
equiv. 
OSp. 
ostd, 
estn. 
CSA. 
eM. 
av, 
expt. 
exptl. 
ext, 
extd. 
extn. 
F, 
- Fedi, 
if, 


critical 

erystalline 

crystallized 

crystallization 

euble 

density (conveniently, 
specific gravity) 

differential operator 

dextro-,  dextrorotahory 

denoting configurational 
reliubionship, as to dew 
tro-glyceraldelryde 

direct: current, 

clecomposets) 

decomporition 

derivative 

determined 

determination 

diameter 

clielectrie (adj.) 

‘lilute 

distillad 

distillation 

racemic 

decimeter 

cleetron 

edition, editor 

electric, clectrical 

elevated 

electromotive force 

engineering 

equation. 

equilibrium 

equivalout 

expecially 

estimated 

estimation 

electrostatic wnitk(s) 

entropy unit(s) 

aleetron volt.(s) 

experiment 

experimental 

extract 

extracted 

extraction 

Fahrenheit 

Federal 

following (pages) 


fig. 
flow. 
fob. 
Vp. 
ft. 
{t.-lh, 
wr, 

wal, 
ey.Mm, 
hp. 
hr. 
hyd, 
i. 

i 


LG. 


LD. 
ink, 
insol, 


LPT. 


Lu. 
LU.O., 
LUDA. 


j. 

Kk. 

K 

ke, 

kp eual. 
kv, 
ky.-ninp. 
kw. 
kw.-hr. 
lL. 

L 


figure 

(uid ounceds) 

free on board 

freeging polit. 

faa Coe) 

foot-pound (s) 

gram (s} 

gnllon(s) 

gallons per minute 

horsepower 

hour(s) 

hydrated, hydrous 

insoluble 

Ilaative; 
nine 

Taterstiate Commerce 
Commission 

inner cliameter 

inch(es) 

insoluble 

Tnstitute of Petroleum 
Technologists 

Titernational Unit(s) 

Tuternational Union of 
Chemistry, Lnterna- 
tioual Unien of Pure 
and Applied. Chemn- 
istry 

joule 

Kelvin 

dissociation canst 

kilogram(s) 

kilogram-calovie(s) 

kilovolt(s) 

kilovoll-nmpere(s) 

kilowatti(s) 

kilowatt-hour(s) 

liter(s) 

levo-, levorotieory 

denoting configurational 
relationship, as to 
levo-glycoraldehyde 

pound(s) 

concentration lethal to 
50% of animals tested 

less than car lots 

dose lethal bo 40% of 
animals tested 


as, @methio- 


ma. 
manuf. 
manutd, 
manute. 
MAX, 


MGA. 


m.c.f, 
m.6., meq. 
mech, 
M.e.v. 
me. 
m.g.d. 
min. 

misc. 
mixt, 

ml. 
M.D. 
mm. 

mM 

mol, 

np. 
m.p.h, 
M.R. 

mv. 

mp 

n (as, nip) 


ne 


ABBREVIATIONS AND SYMBOLS xi 


logarithm (natural) 

logarithm (common) 

meter(s) 

meta; as, 77-xylene 

metal 

molar (as applied to 
concn.; not mola, 
which is written out) 

milliampere(s) 

manufacture 

manufactured 

manufacturing 

maximum 

Manufacturing Chem- 
ists’ Association 

million cubic feet 

milliequivalent(s) 

mechanical 

million electron volts 

milligram(s) 

million gallons per day 

minimum; minute(s) 

miscellaneous 

mixture 

milliliter(s) 

minimum lethal dose 

millimeter(s) 

millimole(s) 

molecule, molecular 

melting point 

miles per hour 

molar refraction 

millivolt(s) 

millimicron(s) 

index of refraction (for 
20°C, and sodium 
light) 

normal; as, n-butyl 


normal (as applied to 


conen.) 

denoting attachment to 
nitrogen; as, V-meth- 

' ylaniline 

negative (adj.) 

number 

not otherwise indexed 
by name 

ortho; as, o-xylene 


O- 


O.D. 
O8. 

D.; Pp. 
p- 

pos. 
powd. 
p.p.m. 
ppt. 
pptd. 
pptn. 
prepd. 
prepn. 
Pr, no. 


psig), (a.) 


pt. 
pis. 


quad. pt. 
qual. 
quant. 


0. 
R 


R. 
reerystd. 
recrystn. 
ref, 

resp. - 
rh. 

RI. 
rp.m. 
Nps. 


denoting attachment to 
oxygen; as, O-acetyl- 
hydroxylamine 

outer diameter 

ounce(s) 

page, pages 

para; as, p-xylene 

positive (adj.) 

powdered 

parts per million 

precipitate 

precipitated. 

precipitation 

prepared 

preparation 

Foreign Prototype no. 
(for dyes) 

pound(s) per square inch 
(gage), (absolute) 

pot 

parts 

quadruple point 

qualitative 

quantitative 

‘“vhich sce”? 

univaleut hydrocarbon 
radical (or hydrogen 

Rankine : 

recrystallized 

recrystallization 

reference 

respectively 

relative humidity 

Ring Index no. 

revolutions per minute 

revolutions per second 

soluble . 

symmetric(al); as, s-m- 
xylidine 

denoting attachment to 
sulfur; as, S-methyl- 
cysteine 

Society of Automotive 
Engineers 

saturated 

saturation 

standard cubie foot 
(feet) 


xii ABBREVIATIONS AND SYMBOLS 


Sth. Schultz no. Gor dyes) wy. ulirnviolet 
sec. second(s) “ volts) 
806 sevontarys as, sec-butyl var. variety 
SLs. Suybolé Furol seqand(s) — rie~ vical; as, ete-n-xyli- 
sls. slightly sohible dine 
sol soluble vol. volime(s) Giot volitile) 
soln, solution V8. very soluhle 
soly. solubility W. welts) 
ap. specific wt. weight 
8)., Spp. species AU. CO Ne-unil 
npee, specification inm.) 
sper spocifie pravity yd, ynrd(s) 
RC. square yr. your(s) 
s.T.P. standard teniperataire “ degree 
and pressure on per cent 
subl. sublime(s), sublining feliy optical rotation (for 
S.U.s. Saybolt, Universal 20°C. and sedan 
seca (s] heh) 
syne symmetric (el); as, syne nero tam (s) 
mexy tiddne a) differential operator 
WARD L, “Technical Association of (piurtial) 
the Pulp and Paper A finite dilference 
Thihustey 7 Viscosity 
tech, techuicul nN wave Lengtlt 
temp. temper lire LM microns) 
tert tertiary; as, detbulyl a ohm(s) 
theoret. theoretical < less Ghia 
tp.b. Lous per hour > more than 
tsi. tons per squire neh ~ eyelo(s) 
Twa. Twaddell BS approximately equal to 


Other letler symbols may be Cound in !Stankud System of Nononelature for Chemie! Mngineer- 
ing Unit Operations” adopter by the American Lastitate of Chemical Magiuecers, 


SUCPPING REGULATLONS 


Complete information for the U.S. is given in “Tariff No. 8 Publishing [Interstate 
Commerce Commission Regulations for Transportation of lxplostves snd Other Din- 
gerous Articles by Land and Water in Qtail Freight Service and hy Motor Vehicle (igh- 
way) and Water Including Specifievtions for Shipping Containers,” with supplements, 
issued by H. A. Campbell, Agent, 30 Vesey Street, New York 7, N.Y. The following 
terms for labeling explosives aut other dangerous articles have been used in the Mneyelo- 
pedia: 


Red Jabel (for inflammable liquids) 

Yellow hubel (for inflammable solids und oxidizing materials) 
White label (for acids and corrosive liquids) 

Red Inbel Gor inflammable compressed guses) 

Green label (for noninflammable compressed gases) 
N.OW.B.N. (not. otherwise indexed by name) 


In the text of the Eneyclopedia the preferred terms “flammable” und “nonflam- 
mable” are used in place of “inflammable? and “nonintliammable,” respectively, 
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Abstracted by Chemical Abstracts’ (Vol. 45, No. 24, Pt. 2.1951), also published sepa- 


rately), 


See also Literature (survey), especially the sections on “Reviews, yearbooks, and 


monographs”? and ‘“Periodicals,”’ Vol. 8, pp. 437-40. 


Am. Soc, Testing Materials, Proc. 

Anal. Chem. (superseding Ind. Hing. Chem., 
Anul. Ed.) 

Angew. Chem. (superseding Die Chemie: 
4 angeu, Chem.) 

Ann. Chem, Justus Liebigs 

Arch. Biochem. und Biophys, (superseding 
Arch, Biochem.) 

Arch. Ind, Hyg, and Oceupational Med. 
(supersoding J. Ind, Hyg. Poriool.) 

Biochem. J. Condon) 

Biochem. Z. 

Biachin. et Biophys. Acta 

BIOS Repis. 

Bull. Chem. Soe. Japan 

Bull soe, chim. ov Bull. soe, chim. France 


Oa J, Research 
Chem, Ber, (superseding Ber,) 

Chern sing. (superseding Chem. & Met.. 
TU. 

Chem. fing. News (superseding News Ed. 
(Am. Chem. Soe.); Ind. Hng. Chem., 
News lid.) 

Chem, Eng. Progress (superseding Trans, 
Am, Inst. Chem. Engrs.) .. 

Chem, Eng. Science 

Chemische Industrie 

Chanistry & Iniusiry (formerly part of 

J. Soe. Chem, Ind.) 

Chem. Revs. 

Chem, Tech, (Berlin) (superacding Chem. 
Fabrik) 

Chem. Week (superseding Chem. Inds. Weel) 

Chem, Zentr. 

Chem-Zig. 


Chimica a industria (Ttaly) or Chimica € 


industria (Milan) 
Chimie & incustrie 
CIOS Repta. 


Comot, rend, 


FIAT Repts. 

Fortschr. chem. I ‘orsch. 
Gazz, chim, tial. 

Helv, Chim. Acta 


American Society for Testing Materials, Proceedings 
Analytical Chemistry , 


Angewandte Chemie. 


‘Annajen der Chemie, Justus Liebigs 


Archives of Biochemistry and Biophysics 
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Archives of Industrial Hygiene and Occupational 


Medicine 
Biochemical Journal, The 
Biochemische Zeitschrift 
Biochimica ct Biophysica Acta 
British Intelligence Objectives Subcommittee Reports 
Bulletin of the Chemical Society of Japan 
Bulletin de Ja société chimique de France 


_ Chemical Abstracts 
_ Canadian Journal of Research 


Chemische Berichte 


. Chenrical Enginecring with Chemical & Metallurgical 


Engineering 
Chemical and Ingineering News 


Chemical Engineering ‘Progress with Transactions of 


American Institute of Chemical Engineers 
Chemical Engineering Science 


- Chemische Industrie 


Chemistry & Industry 


Chemical Reviews 
Chemische Technik,, Die (Berlin) 


Chemical Week 
Chemisches Zenty alblatt 


Chemiker-Zeitung mail clem Sonderteil’ “Die Chemijache 


Praxis und der Bel age, Chemiseh-iechnische Uber- 
sieht \ 
Chimica, La,'e Pindustria (Italy) or ‘Blan 7 


Chimie & industrie 
Combined Intelligence Objectives Subcommittee. Re- 
ports 


. Comptes rendus hebdomadaires des: séances de 


Vacadémie des sciences 
Field Information Agency Technical Reports 
Fortschritte der chemischen Forschung 
Gazzetta chimica, italiana 
Helvetica Chimica Acta 
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J. Appl. Phos. (stperseding Physics) 
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J. Brel. Chen. 

Jd. Chen. Phys. 

J. Chem. Soe. 

J. Colluid Sei, 

J. Hleetrachem. Soe. (superseding Trans. 
Hleetrachem, Soe Trans, Am, flectro- 
chem. Sac.) 

J. Gen. Cham, (Ch SSR) (soe tlio Fhury 
Obshehet Khinw) 

J. Indian Chem. Soc. 

J. Inst. Metals 





J. nuthromol, Chem. Csuperseding 7. prake, 
Chem.) 

J. Org. Chem. ‘ 
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J. Rescareh Natl Bur, Standards (super- 
seding Bur. Standards J, Research) 

J. Set. Foal Agr. 

J. Soo, Chen, Ind. ov J. Sao, Chem, Dn, 
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J. Sae. Chem. Ind, Japan 
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Alfg. Chemist 


Monatsh. Chen. 


Nature 

Nuceleonies 

Offive Tech, Bervices (OTS) Rents. (supor- 
soding Office Publicalfon Board Repts.) 

Oil, Paint Drug Reptr, 

Phys. Rev. 

Hee. trav. chim. 

Research (London) 

Revs, Mod, Phys. 

Science 

Trans, Am, Inst. Mining Mel. Fugrs. 


Trans. Am. Soc, Metals (Csyperseding 
Trans, Am, Soc. Steel Treating) 
Trans. Inst, Chem..Engrs, (London) 
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anorg. Chem.) 
4. Elektrochem. 
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Transactions of the American Tnstitule of Mining and 
Metallurgical Fngineers | 

Transactions of the American Society for Metals 
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POLYOLS. See Alcohols, higher polyhydrie. 
POLYPEPTIDES. Sce Amino acids, Vol. 1, p. 720; Protein hydrolyzates; Proteins. 
POLYPORIN; POLYMYXIN. Sec Antibiotics, Vol. 2, pp. 17, 24, 26, 31. 


POLYPROPYLENE AND POLYBUTYLENES 


Propylene and the butylenes—most, reaclily in the case of isobutylene—can be poly-~ 
merized to form products which are somewhat analogous to polyethylene (q.v.) and 
polystyrene (see Styrene resins and plastics). 


Polypropylene (Polypropene) 


Both thermal and catalytic cracking of heavy petroleum fractions produce gases 
that contain large amounts of propylene (¢.v.) (propene), CH»==CHCH;. Most of it is 
polymerized under pressure at 150-225°C. over phosphoric acid catalysts to liquid hy- 
drocarbons. When propylene is polymerized alone, nonylenes predominate in the paly- 

*mer; more often the propylene ts copolymerized with butylenes, and heptylenes make 
up much of the product, Both the polymer and copolymer are desirable constituents 
of gasoline because of the high blendiug octane number of the branched olefins present. 

Because ethylene and isobutylene can be polymerized to high polymers many 
attempts have heen made to obtain a linear high polymer from propylene, Such a 
polypropylene would resemble natural rubber in structure and might have excellent 
elastic properties. Like rubber, it would have only isolated methyl. substituents, 
but instead of being attached to every fourth carbon, the methyl] groups would be 
on alternate carbons: 


— CH CH CH CHC Hat ClO 
CH; M113 Cil, CH; 


Molecular weights high enough to give elastic properties have not been reported with 

either free-radical or acid catalysts. The highest polymers have heen obtained with 

aluminum bromide promoted with either hydrogen bromide or isopropyl bromide 

(1,2). With 1% aluminum bromide at ~44°C. in boiling propane the polymer has an 

average molecular weight of 1,000~10,000. Such polymers contain up to several hun- 
I 
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dved propylene units; several thousand may be necessary before rubbery propertics 
appear. 

Polymers of propylene intermediate in molecular weight find use m the manulac- 
iure of alkylarene detergents (see Surfaec-ackive agents), Most desired for detergents 
are the tabramer and pentamer, containing: (2 and 1 carbon atoms, respectively (). 
These are prepared by polymerization at tilermediate tomperatures, — Polypropylene 
made with boron fhioride as catalyst at 50°C, contains 200, dimer and trimer, 520s, 
tetramer and peutamer, al 28% hexuner and higher (4). Also, by reeyeling: the 
trimer formed in phosphoric acid polymerization, higher yields of the belramer can be 
secured, 

Higher polypropylenes may hove application as synthetic lubricants Gee Vol. 8, 
pp. BIL, 612), as thickening agents for hydrocarbon oil, and as viseosily-index im- 
provers for lubricating oils (2). 


Polybutylenes 


The three bubyleues (ee Vol. 7, p. 640), whieh are produced in Jarge amounts in 
the cracking of petroleum, differ in their polymerization behavior. Strong catalysts 
polymerize i-butene and 2-butene; their polymers are afteu similar heenuse the twa 
TmOnoMers we easily Inberconverted, and beeause tle sume see-butyl iibermediate ean 
oceur in the polymerisation of both. Myeu mild eatilysts easily polymerize isobu- 
tylene, and under the preper eovcitions long polymers called polyisobutylenes are 
formed; these are the most import polybutylenes, 


Although the polymerized butylenes are freqnontly eal “polybutenes,? Qhis Lerma is not ear. 
reel when it is intended to tn¢lude polyisobutviene Gneorvecthy ¢alled “polyisebutene”’), ‘Che three 
butylenes are corveetly mumed [-bulene ov «butylene, CHL CTLCTRC: 2-hutene or a-biutylene, 
CCIE GHOH:: and inethytpropenc or isobutylene, CH CCC Es. See the discussions of 
nomenclature under Zydrocerbous, Vol. 7, p. Aa0, ane Petroleon, Vol. 10, p. 88. 


Study of the polymerization of isobutylene has long oeenpied the attention of 
chemists because of the ease with which “diisobatylone” and “4riisolitylene” form in” 
the presence of 60%) sulfurte acid and many other catalysts (5). The ideutifiealion of 
two octylenes in the dimer and. of six dodeeylenes in the trimer led to the carbonium. 
ion theory of alkene polymorization and rearrangemont (4) (see Vol. 3, p. 154), ILy- 
drogenation of diisobutylene gives 2,2,4-trimebhylpentane (soockune’), the 100 
octane reference standard for evaluation of the antikneck quality of gasolines: (ace 
p. 189). Copolymerization of isobutylene with J- and 2-butenos ab 150°C. under (O00 
p.sd. pressure and in the presenee of phosphoric acid catalysis gives eominercial 
“eodimer.” Hydrogenation gives “hydrocodimer,” a mixture of octanes with 95 
octane number and au important constituent of aviation gasoline. Much of the tl- 
most 100,000 barrels per day of conumereiat isooctane synthesized in 1945 in the United 
States consisted of hydrocodimer, Th is now being supplanted by “alkylate,” the simi- 
lar one-step product of the alkylation of butylenes with isobutane (see p. 142). 

Isobutylene easily forms higher polymers becanse it hag an unbalanced structure, 
The monomer molecules aro believed to he oriented in the liquid phase, and acid-type 
catalysts can set off a chain reaction that simply links preformed chains together 
(see Vol. 10, p.. 957). The structure is a head-to-tail arrangement: 
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CH, CTI, CHa CH, 
—-CH,—-CO—CHy--C— CH, — an a 
CGH, CTY, JH; OH; 


in which the monomer unit may recur several thousand times. Ten recurring units 
form an oil polymer, a hundred units form a sticky polymer, and a thousand units 
form a rubbery polymer. The commercial products are mixtures of molecules that 
range through a factor of 10 or move in the number of units. Separation can be ac- 
complished by solvent-fractionation procedure, the most common of which is to pre- 
cipitate successively shorter molecules from a benzene solution by the addition of 
acetone (1), 

Polyisobutylenes with ten or more units have received attention as synthetic 
lubricants. ‘Fhey are rather stable to oxidation or other reaction at ordinary tempera- 
tures, because of the lack of reactive structures. The one remaining double bond in 
each molecule provides a point of attack at higher temperatures. Above 175°C., 
polyisobutylenes depolymerize, but the chief products are the monomer and dimer 
rather than undesirable reaction products. (See Lubrication and lubricanis, Vol. 8, 
pp. 511, 512, 523.) 

Polyisobutylenes of 100 or more units are used as binding agents; ealking com- 
pounds, sealing tapes (see Vol. 1, p. 200), and impregnated paper for electrical equip- 
ment are applications. Potential uses within the petroleum industry have also been 
described (3). No detailed information on production and price has been published, 
although ten million pounds are believed to have been sold in 1952 for less than twenty 
conts per pound. 

The properties of polyisobutylenes show a discontinuity at about 500 units. 
Molecules shorter thai 500 units are unoricnted, but longer ones show evidence of 
wignment. The latter form threads upon drawing and an x-ray pattern develops 
when they are stretched. Dispersion or solution in hydrocarbon otls imparts stringi- 
ness to them, somewhat as soap filaments convert oils to greases. Addition of 1-5% 
to lubricating oils increases the viscosity and raises the viscosity index (8). The value 
of the effect upon viscosity index has been debated, but lubricating oils fortified with 
polyisobutylenes have other practical advantages. 

Polyisohutylenes of 1000 or more units are formed when “chain stoppers” are 
avoided in the polymerization reaction. High temperatures, acid catalysts, and im- 
purities containing active hydrogen atoms all act as chain stoppers. ‘The average 
number of units in the polymer is an inverse function of the temperature of polymeriza- 
tion, and is lowered in proportion to the amount of impurities. The hydrogen ion 
in acids acts as catalyst, but the anion present appears to retard chain polymerization. 
The large heat of polymerization must be controlled by adding diluents or using cooling 
surfaces, and these also may act as chain stoppers. 

Polyisobutylene with rubbery properties was discovered in Germany and develop- 
ment proceeded simultancously there and in the United States (2). Polymerization 
occurs in the presence of metal halide catalysts such as titanium chloride, aluminum 
chloride, and boron fluoride, and is complete in about one second. The necessary 
temperature of —50 to -100°C., is usually maintained by carrying out the reaction 
in « boiling solvent. Manufacture in Germany of 4000-unit polymer under the name 
Oppanol-B used 0.8% boron fluoride as the catalyst and ethylene as the solvent; 
production there is said to have reached about 5000 tons in 1943. A similar polymer is 
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manufactured in the United States under the name Vishunex. A closely reliuted co- 
polymer is made hy the polymerization of small amounts of diolefin with the isobutyl 
ene for the production of butyl rubber (see Aubber). 
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POLYSACCHARIDES 


Pokysuecharides, as the term implies, are polymerized snccharides: the two best known 
are starch (qa) aid cellulose (qed. Polysaceharides miy be considered to be eon- 
denusution polymers in whieh mouosnecharides (see Carbohydrates) or their derivatives 
(such as uronic acids, TOOC(CHOLD, CO, or amino sugaes) are plycosidically foined 
with the elimination of water. 


2 CaltOg mer (Cal lQide be Ge = 1) yO 


Thas, on complete liydrolysis, polysaccharides viekd only monosneeluurides or thetr 
derivatives, Although the molecular size of polysaccharides may vary markedby from 
one type to another, most of those formnd in maltiure are of hizh molecular weight, aud 
wally contain from a lnuidred to several thousand monosaecharide unite, Partially 
depolymerized or degraded palysuccluwides are often called dealring to indicate tlurt 
the original molecules have been modified. The term polysaccharide, however, may 
be applied correctly to wiry monosaccharide condensation polymors which contain ap- 
proximately 10 or more monosaccharide residues. Polymers which contain 2-9 suger 
resiclues (or on hydrolysis give a relatively small uumber of monosaccharide units per 
molecule (7)) are usually termed oligosaccharides, 

. Another term for polysaccharide is glyean, and a polysuccharide composed of only 
one type of condensed monosaccharide may be named by taking the toot of the sugar 
name and adding the general ending -en; thus xylun for polymers of xylose, arabean 
for polymers of arabinose, and mannan for polymers of mannose. In the early period 
of chemistry some. polysaccharides were given names euding in -2n and some of the 
terms are retained today because.of constant usage, Some examples are mucoitin, 
chondroitin, heparin, and peetin, While the name glucan signifies a polysaccharide 
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composed of condensed glucose units, it does not refer to a specific structure. The 
ierm ik & group name ane refers as well to cellulose as to laminaran, glycogens, or 
other glucose polymers, To designate a specific polymer a specific name is therefore 
usually required. Some exceptions exist because by common usage certain general 
names have come to designate more or less specific polysaccharides, Such names are 
xylan, araban, and fuean. Polysaccharides of the same type but isolated from dif- 
ferent sources may have slight, practieally indistinguishable differences in structure. 
Thus starch amylose from one source may contain a single a-1—6 or some other glyco- 
siclic linkage among its normal e-l—4 linkages but amylose from another source may 
contain several such wicommon linkages. ‘The arrow points from the number of the 
‘arbon atom of the sugar acting as the parent glycosidic member and toward the num- 
ber of the carbon atom of the next sugar unit which supplied the hydroxyl group for the 
glycosidic combination. Thus: 


ny CON yy gy CRON yy 


——_0 
On HSN Kh > / 
\ 4 0 7% ° 
HO oy ba \ i 
a-l—4 


Because of slight differences which exist between particular polysaccharides from 
different sources, it may be more exact to speak of some classes in the plural form; 
for example, xylans, amyloses, or glycogens. 

General systematic nomenclature rules have not been previously applied to poly- 
saccharides, and only now are nomenclature rules being considered by a few workers. 
Consequently many trivial names given to various polysaccharides were coined to 
reflect: either the source of the polysaccharide or some prominent property. Thus 
the name cellulose was derived from the occurrence of the polysaccharide in plant 
cells and starch and came from the Anglo-Saxon word stercan, to stiffen. 


Classification 


Polysaccharices may be classified as to (7) source—for example, animal, bacterial, 
plant-gum, or seaweed; (2) presence of a certain constituent—for example, muco- 
polysaccharides, which contain amino sugar units, pentosans which contain pentose 
sugar units, and uronddes which contain uronic acid units; and (3) chemical composi- 
tion and strueture, The last is the most logical classification scicutifically. Here 
the polysaccharides composed of but a single monosaccharide type are classified as 
homoglycans, polysaccharides containing two types of monosaccharides are designated 
dtheteroglycans, aud likewise those containing three, four, and five different: monosac- 
charide residues are classified as tri-, letra-, and gentaheteroglycans, respectively. 
No polysaccharides are known to contain more than five’ types of monosaccharide resi- 
dues. Under these major headings the polysaccharides are subclassified as to whether 
the molecule is linear or branched, Where their structures are sufficiently well known 
they may be further subclassified as to the type of glycosidic linkages present in the 
molecule. 

A partial list of the known polysaccharides is given below. Here the polysac- 
chuvides are classified ag to souree. Also given are the composition of the polysac- 
charides and the most common glycosidic linkage where these are known, 
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Tt. Plant kingdom, 


A. Uigher plants 


1. 


nw 


Principally cellewall constituents 

a, Cellulose (linear, p-glacose, tt) (sen Vol. 3, p. d2) 

hb. Lichenan ancl iselicheunn (from [eelund moss) Cinear, o-ghicose, 13 anil t>1) 

c, Pustulan (from a liehen) (linear, p-glucasc, 1-6) 

d. Barley-voot glean (linear, t-elacose, [-*6) 

c. Peotic substances (gulactan, linenr, bepalnetose, d-ed5  peetie acid, linenr, u-polac- 
turonic acid, l=>t; arabian, i-nrabinose, b*3 and lf) (see Vol. 9, p. 008) 

f. Nylan (inewr and branehed, o-xylose, @-1--1, mity contain some Learabinose mid p- 
glucuronic acid) 

ge, Tvory nut miavunin, woo mannan, id salep manuin (linear, pb-muamnnose, bd) 

Non-coll-wall constituents (seo wae Starch) 

i. Amylopectins Grom starch) (branched, p-glucose, L-*-b and I-*6) 

b. Amylose (from stureh) (mainly linear, p-gliease, fb) 

« Fructans (nonlinear, b-fructose, it some dnskunees begltivose, 2-1 for usparnysosin, 
sinialean, grupinan, and kritesan; 2-6 for pliloan, sectun, poan, and pyrosans 
QL 24 for irisan; 2 foand 2-6 for brilieans Hnenr, 2-1 for inulin) 

d. Gimis and mucilages (sue Vol. 7, p. 828) 

i, Tragneauth Qvater-insoluble fraction: nonlinear, terrabinose, p-palvehoses 
watoresdluble faction: nonlineur, t-fucose, pexylose, b-gulneturanie acid) 
ii, Loeush bean (nonlinenr, bgidaelose, p-mnatmose, T-r and |) 
tii. Charan (nonlinear, p-galaebose, benamnnesc, [ed iuad 16) 
iv. Amorphophallus (nonlinenr, p-plucose, D-miuuiese ) 
v. Jeol, cashew (uontinew, tearabinose, pegaluctose, J-e3 and t--G) 

vi, Lemon, grapefruit, mesquite (nontine, b-gulaetose, v-ghueuronie acid, le 

wabinose, 1, bod, und [-*2) 

vil, Karayn, slippery elm, sterculia (Qnoulinear, p-gaulactose, p-galactimonic aeid, b- 

rhanunose } 

viii. Cdintti (uonline, galactose, gulacturopie aeid, Tearabinose) 

ix, Quince seed mucilage (neurabinose, bexylosa, u-hicose, hextronic tcid ) 
x. Cholla gum Geartbinose, peuaetose, p-placturonic eid, c-rhamuose) 
xi. Arabic, bluek wattle (r-arabinose, terhamnose, p-glucuronic acid, p-galucbau) 


xii. Flaxaeod mucilauge (reptlactose, p-xylose, terhammose, p-galactieroniG acid) 
xiii, Cherry, cnson (p-ghienronic acid, p-emiunnose, D-gelactose, Leavabinose, p- 


xylose) 


B. Algae, seaweeds (see Seciweedl colloids) 


1. 


Principally eoll-wall constituents 

a. Calaetan of Lridophyeus Cinenr, pepiluctase, ld) 

bb. Covragcenune (linen, p-palactoe, 1-3) 

c. Galaetan of Dilsea edulis (linear, p-prlnetose, 18 and 16) 

d. Agar (linea, b- and tegalactose, P35 and lt) (see Vol. 1, p. 252) 
6. Alginis acid (incur, p-mannuronie acid, td) (see Vol. 1, p. 348) 
f. Tucan (nonlinear, t-fucose, 12) 

g. Cellulose (inear, p-whicose, 14) 

h. Pectic substances (hue above) 

Non-eell-wall constituents 

4, Mloridean stureh (nonlinear, p-glacose, 18 wad ft) 

b, Laminuran (linear, n-gluease, 1-3) 

ce, Mannan of forphyra imbilical’s (nonlinear, p-emannosy, L$) 


CG, Buotoria, fungi, and Aelinomyces 


1. 


Cell coustituents 

a. Cellulose (lingar, p-glueose, 1-4) 

b, Chitin (linear, N-acetybp-glucosamine, tt) 

ce. Glycogens (nonlincur, »-glucose, 1-4 and 1-0) 

d. Starches (amylose and amylopectin) 

e, WHynluronie seid (lineur, p-gluctronic acid, V-neotyl-p-ghuoosmmine, 1-3 nud 1-4} 
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f. Yeast munnan (nonlinear, p-mannose, 1>2, 18, and 1+6) 

g. Glucans of Penicillium expansum, Asperyillus niger, Fumago varians, P. digitatum, 
P, javanicum, P, sclerotiorum. 

lh. Polysaccharides of: 

i. Tuberele bacilli (b-arabinose, p-mannose, p-galactose, p-glucosamine in the 
waxes and firmly bound lipides; p-arabinose, p-mannose, L-rhamnose, amino 
sugar in the somatic polysaccharide) 

li. Friedlander’s bacilli (nonlinear, p-glucose, p-glucuronie acid) 
iii. Pneumococci (p-glucose, p-glucuronie acid) 
iv. Azolobacter (n-glucose, b-glucuronic acid in capsular polysaccharide) 
v. Staphylococcus (o-glucosamine and a pentose) 
vi. Neisseria (nonlinear, p-glucose, sometimes amino sugar, ete.) 
vii. Vibrio cholerae (p-glucose, galactose, glucuronic acid) 
vill. Bactlius megatherium (b-glucose and a uronic acid) 
ix. Cocctdioides (p-glucose, v-galacturonic acid, and another unidentified sugar) 
x. Anthrax (N-acetyl-p-glucosamine, p-galactose) 
2. Associated with bacteria, fungi aud Aciznomyces 
a. Crown-gall polysaccharides (linear, p-glicose, 12) 
h. Levans (nonlinear, p-fructose, 2-+6) 
c. Galactocarolose (linear, b-galactose, 1-5) 
ad Mannoee wolose (D-mannose) 
a. Varian (n-glucose, p-galactose, b-idose, or z-altrose) 
f. Dextran of Betabactertum. vermiformt (nonlinear, D-glucose, 16) 
g. Dextran of Leuconostoc mesenteroides (nonlinear, p-glucose, 14 and 1-6) 
h. Polysaccharide of RAtzohium radicicolum (y-glucose, p-glucuronic acid, 1-4 and 
16) 
i, Rugulose (p-gulactose) 
j. Capreolan (nonlinear, p-mannose, D-glucose, D-galactose, malonic acid) 
k. Luteic acid, selerotiose (p-glucose, malonie acid) 
1, Yeast glucan (nonlinear, p-ghacose) 
m. Torula polysaccharide (linear, p-glucose, 1—>4) 
TI. Animal kingdom 
A. Nonmammals 
. Chitin (linear, N-acetyl-p-glucosamine, 1-4) 
. Cellulose (linear, p-glucose, 1-4) 
3. Glycogens (nonlinear, p-glucose, 14 and 1-6) 
4, Ilyaluronie acid (linear, o-glucuronic acid, N-acetyl-p-glucesamine, 1+3 and 1-+4) 

5. Calactan of Heliz pomatia (nonlinear, p- and t-galactose, 1+3 and 1-6) 

Mammals 

1. Glycogens (nonlinear, p-glucose, 1>4 and 1-6) 

2. Hynluronie acid (see above) 

Fleparin (linear, p-glucuronic acid, p-glucosumine, 13 and 1-4) 

4, Chondroitinsulfurie aeid (linear, p-galacturonic acid, N-acetyl-p-galactosamine, 1-3 
and 1-4) 

5. Mucoitinsulfuric acid (p-glucuronic acid, p-glucosamine) 

6. Blood group substances A and O (nonlinear, p-galactose, p-glucosantine, 1-fucose) 

7. Galnetan of beef lung (p-galactose) 


Be 


B 


nw 


Occurrence 


Polysaccharides are most abundant in the higher orders of land plants and in 
seaweeds, where they constitute approximately three-quarters of the dry weight. 
They ave present in all forms of life and play indispensable roles as foods, structural 
elements, systemic controls, wound protectors, anticdesiccants, and many others. 

Polysaccharides containing only one kind of polymerized sugar unit (homo- 
glycans) occur in greater amounts thai polysaccharides which contain two or more 
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kinds of sugar unils (heteroglyeans) allbough there ave a greater nupaber of the latter, 
Among the homoglycans ocears the gliean cellulose, which is the most abundant 
polysaccharide on earth, [Hs total weight perhaps surpasses Ghe weight of all other 
polysaccharides which occur in lend plaints. Also abundant are the homoglyeans 
laminaran from seaweed, and amylose and amylopeetin from starch. Agylan is an 
abundant and widely distributed component of plants. Chitin of tiscets and erustie 
eeansis also abundant. Ol tle approximately [80 known polysnecharides, abotl one- 
third to one-half conlain uronie seid sugiu units (see Sugar derieatipes), Most of the 
uronide polysaceharides contain 20 -50¢,.0f uronie aeid units, A few polysacebarides 
ture composed solely of uronic acid units, for exantple, alginie acid) (a miauiironan, 
av polymer of mannuronic acid) of seaweeds and (he galachuwoniu Ga polymer of gilc- 
taronic acid) of the pectic group of substances. "Two polysnechaides, mesquite gum 
and slippery clan mucilage, contain seme units which possess a molly! other group, 

Staetural polysiceluuides, as exemplified by cellulose and ehitin, are almost 
always livear molecales, On the other hand, polysaecharides which serve primarily ts 
reserve foods are commonly branched or, aside stared, womixture of linear and branched 
polysaccharides. Usually braneherd polysnecharides arc easily soluble tn water ane 
have immense bhiekentng power, Lineut polysaccharides have low solubility and show 
gomuurked tendeney to associate, lor example, wanylose, a linear elucar found tn most 
starches, slowly preeipitates from starch solution. Phis process is enlled retroyradalion, 

Polvsuecluvrides are usually deposited tn tissees alors with numerous other sul- 
Slanees and eousequently occur for the most pit as mixtures. Ina faw examples 
however, tho prvity may be rather high. Phis is Grae with cotton fibers where eellu- 
tose constitutes approximately O80, of the dry weight. Starch in seeds and tubers 
is likewise rather free of contaminating substances, Some plant exudates, or gus, 
and miury slimes of bacteria ave nearly pure carbolyydrata. 

The usual oneurrence of polysaccharides as intimate admixtures with other poly- 
saceharides and biological material makes it difliewl( lo separate aid purify a particular 
polysaccharide. Molecules are not onby crtangled aad overlaid with other types but 
sometimes are held hy strong sceoudary bonds, “Phe difficulty of polysaccharide re- 
moval has led some workers bo the postulation of primavy valence bonds ane benee 
eompound formation between different polysucchurides or between polysaceharides 
and other biglogieal molecules, While such compoétuels wuloubtedly sometinies exist 
they are probably not common. 


Industrial Applications 


Polysaccharides are used di innumerable juacustrial applications, Starches, 
gums, and seaweed polysaccharides are widely used in viscous suspensions for sizing 
textiles nnd paper, for thickening sohitions and stabilizing colloidal suspensions, for 
adhesives, aud for pharmaceutical preparations, Dextrans are used for expanding 
blood volume. The linear polysaccharides ean be used as such or in the form of their 
derivatives for making plasties and can be spun into synthetic fibers. Many poly- 
saccharides are used as foods and as modifiers of food preparations. Some polysace 
charices are hydrolyzed industrially to their simple sugars, Stareh Irydrolysis to pro- 
duce so-calledt corn sirap mul dextrose (q.v.) is the basis of a large tudustey,  Xylin 
is used on. 4 large sealo for making furfural, 
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Xylans. Polymers of p-xylopyranose units ave found abundantly in the cell 
walls of all land plants. Apparently several types of these polysaccharides exist but 
they are all classified as xylans. Some may consist entirely of p-xylose units while 
others appear to have a D-gluceuvonie acid unit attached to oue end of the molecule and 
some xylans may have an t-srabinofuranose unit attached. Likewise it would seem 
that at least some xylans are not completely linear molecules but may contain one 
branch and hence be Y-shapecd. Xylans constitute the major part of those polysac- 
charides of plants which are dissolved by alkaline solutions. This complex mixture of 
polysaccharides is known as hemicellulose. Wood (q.v.) may eontuin from about 10 
to 25% pentosans, most of which are xylans. Hard woods contain more xylan than 
softwoods, Annual plants such as corn cobs, corn stalks, wheat straw, and soybean 
stalks have more xylans than do woods and may contain from about 25 to 35%. 
Xylans are laid down in the growing plant cells in close admixture with cellulose, 
lignin, and the other components. In the pulpmg of wood, most of the xylans are 
removed along with lignin and other extractables, When wood or plant parts are 
treated with chlorous acid, lignin is solubilized and removed while cellulose, xylan, 
and other cell-wall polysaccharides remain, ‘his residual /ioloce lulose is a good source 
of xylan, which ean be dissolved by alkaline solutions (2-15% sodium liydroxide or 
potassium hydroxide). On neutralization of the separated extract, crude xylans pre- 
cipitate and they can be further purified by further solution and precipitations. 
Xylans are not prepared industrially but have been recommended for textile and par- 
ticularly for paper sizing. On distilling with 12% hydrochloric acid solution, they are 
converted toa furfural (¢.v.). Commercial furfural is made by so treating corn eobs 
which contain about 35% pentosans (mainly xylans), cottousced hull bran, oat hulls, 
and rice hulls. 

Glycogens (Animal Starches). A group of very similar polysaecharides with 
branched or bushlike structures are found in the cells of all animals. Similar sub- 
tances are produced by some microorganisms and similar substances oecur in sweet 
corn. Glycogeus hydrolyze only to p-ghicose (dextrose) and are constructed of these 
sugar wits Joimed in short chains by 14 linkages with the short lengths joined to- 
gether in turn by I->6 linkages to produce a branch-on-branch structure. Glycogenus 
are particularly abundant in livers of animals (6% of human liver) and oecur in lesser 
amounts in other tissue such as muscle (0.7%). The animal system takes p-glucose 
from ingested carbohydrate and transfers it in the blood to the liver, where it is built 
into large molecules (glycogen). Here it remains as a reserve until hydrolyzed again 
to maintain the proper sugar level in the blood. Commercial glycogens are made by 
treating liver with a 30% solution of potassium hydroxide at 100°C, for 8 hours and 
precipitating the dissolved glycogens with aleohol. Subsequent solution in water and 
precipitation with alcohol produces a material which is light yellow in color. It is 
also possible to extract: glycogenus by boiling the liver with water or by grinding liver 
with cold aqueous trichloroacetic acid. These dissolved glycogens are precipitated 
with alcohol, Glycogens are hydrolyzed by the same enzymes which split starch and 
van be synthesized hy enzymes acting on p-glucose 1-(dihydrogen phosphate), which 
is derived from p-glucose and inorganic phosphate by enzyme action, 

' Dextrans. Branched polysaccharides composed of p-glucose are formed by 
microorganisms living on sugar (sucrose) solutions. These polysaccharide slimes 
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became important when ib was found that they could be used as blood volume ox+ 
panders (see Plasma expanders) and henee had medical application to replace blood 
volume temporarily in cases of hemorrhage or shock. A number of slightly different. 
dextrans are prodneed by microorgnnisms, but the most common are Ghose produced 
by different cultures of Leuconostoc growing on nutrient media containing sucrose as the 
principal energy soures, After the organism has grown for b-7 days, the dextran is 
precipitated from the viscous solution by addition of an equal volume of ethyl alcohol, 
"The gummy precipitate is redissalved in water and reprectpitated, or use as a blood 
volume expander the pobysaceharides are bydrolyzed lay acid to decrease the molec- 
ular weight te a predetermined level. Dextrans have also been recommended as 
paper and textile sizes, as solution thickeners, and as adpunes to oil-well drilling muds, 

Chitin. Chitin consists of Jong molecules of A-acetyl-p-glicosamine units 
Hinkedl by g-l—>4 bonds and dhus differs from cellulose only by having au acetylated 
amino group in place of a hydroxyl group on carbon ablom 2 of each sugarunit. Tt is 
similar to cellulose in many of tis plysienl and chemical properties, Chitin is most 
abundant in tle mantles of iaseets, crabs, and lobsters, aldhough it is found widely 
tn other places, for example in fuuei, sea worms, and bones: of certain sea creatures. 
Grab aud lobster shells ecoulain about 25% chitin and 749% ealeiwm carbonate. Co 
prepare ehitin from (hese sources he shells are clennod from adhering flesh and treated 
with dilute hydrochloric acid to remove the ealeiim earbonate, The filtered residue is 
washed with o solution of 20% sodium hydroxide or potassium hydroxide to remove 
protein, ancl the remainder, whieh consists of rather puve ehidin, may cither be chemi- 
eally bleached or usecl without further Creatment, 

Chitin is a white compound often resembling paper pulp in appearanes, Tt is 
resistant to acicl hydrolysis wud is tuseluble in most reagents but can he dissolved ina 
solution of euprie hydroxide aud ammonium Inydroside tnd in 40% hydrochlori¢ 
acid, Tt enn be converted inte esters and ethers and ether doevivatives following 
the methods used for making derivatives of cellulose. Chitin is not employed eommier- 
cally but ib ean be spun into fibers or cast into plasties aud films. 

Tnulin, A fructan, whieh is a linear polymer of p-fruclose, ocears as the principal 
food reserve in plants of the Compositac, partienlurly artichoke, chicory, and dahlia. 
The tubers of these three plants are rich in inulin, while the tubers of Jerusalem arti 
choke, a type of sunflower, contain 65° tunlin aud have been recommended as a 
source of the sugar p-fruclose. The tubers ean be slieed and water-extracted to re. 
move inulin, which can then be hydrolyzed by dilate acid to pefrnetose. Lt is come 
mercially available for use in bread for diabetics aud as a diagnostic agent for kidney 
funetion (est. 

Hyaluronic Acid. Ol growing medical significance js the polysaccharide found 
in such places as skin, vitreous buinor, synovial fluid of the joints, and certain fluid 
cancers. This linear polysaccharide is part of the cement which holds together the 
tissue cells. Its destruction by the enzyme hywuronidase present in shake and hee 
venoms, loaches, and some pathogenic bacteria causes the ¢elly to separate and the 
tissue to become more porous. In consequence, toxins penetrate more rapidly, 
organisms infiltrate faster, and blood flows more freely to the site where the enzyme 
is injected, Tho relation, if auy, of tho polysaccharides bo cancer is not known. 
It may or may not play a role in arthritis and in the changes in the skin which oeeur on 
aging, Elyaluronic acid can be prepared from umbilical cords. Iu this pracess the 
cords are hydrolyzed by protein-splitting enzymes. After dialysis any remaining 
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protein is removed by shaking the solution with chloroform and amyl alcohol and the 
precipitate is centrifuged off. The polysaccharide is then precipitated by addition of 
alcohol or ammonium sulfate, 

Heparin. This polysaccharide is a blood anticoagulant which occurs in most 
animal tissues. It is available as a sodium salt (heparin sodium, U.S.P. XIV), in the 
form of a white to grayish-brown amorphous powder, or in solutions containing a 
small amount of phenol or other preservative. 

Mucoitinsulfuric Acid. This polysaccharide contains p-glucosamine (2-amino- 
2-deoxy-D-gluicopyranose) and p-glucuronic acid units in equal numbers and also 
contains sulfuric acid esterified to various units. The polysaccharide occurs in the 
cornea of the eyes (2%) and in gastric mucosa. 

Chondroitinsulfurie Acid. This substance is similar in composition to mucoitin- 
sulfurie acid except that p-galactosamine (2-amino-2-deoxy-p-galactopyranose) re- 
places p-glucosamine. The structure of the molecules is also different but its exact 
nature is not known, The polysaccharide is abundant in cartilage, where it is found 
in amounts ranging from 20 to 40%. It is also present in skin, scar tissue, and other 
animal tissucs. 

Blood Group Polysaccharides. Blood group specific substances are found in red 
blood cells, and similar or perhaps identical substances are found in other parts of the 
animal body such as the saliva and the lining of the stomach. These blood group 
specific substances are antigenic polysaccharides to which are attached amino avcid- 
containing residues. Little is known of the structure of these polysaccharides although 
it is known that they ave composed of such sugars as D-galactose, i-fucose, D-glucasa- 
mine, and D-galactosamine. The type of active polysaccharides differs with different 
human blood groups (O, A, B, AB, M, N, and Rh). 
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POLYSTYRENE COMPOUNDS. Sec Styrene resins and plastics. 

POLYTHENE. See Polyethylenc. 

POLYURONIDES. Sce Algin; Gums; Peetic subsiances; Polysaccharides. 
POLYVINYL COMPOUNDS. Sce Vinyl compounds, resins, and plastics. 
POLYVINYLPYRROLIDONE (PVP), (CcH:»NO),. See Plasma expanders; Pyrrole. 
POPPYSEED OIL. Sce Fats and faity oils, Vol. 6, pp. 143, 147. 7 
PORCELAIN. Sce Ceramics (whiteware; chemical ware); Dental materials, Vol. 4, p. 921. 
PORPHYRINS. Sec Chlorophyll; Hnzymes, Vol. 5, p. 740; Pyrrole, 
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PORPHYROXINE, Cy,HaNQy. See Alkaloids, Vol. 1, p. 403. 

PORTER. Sco Beer and brewing. 

PORTLAND CEMENT. Sce Cemené, structural; Cement products. 
POSTERIOR-PITUITARY HORMONES. Sco /Tormanes, Vol. 7, p. 491. 
POTASH. Sce Potassium. compounds. 

POTASSIUM, Is. See Adkald metals. 


POTASSIUM COMPOUNDS 


This article deals primarily with inorganic compounds of potassium. Tor such 
compounds as potassium citrate and potassium oxalate, sec the organic acids, as 
Citrie acid, Vol. 4, p. 21; Ovatic acid, Vol. 9, p. 670. For salts of fatty acids, such as 
potassium stearate, see Falty acids, Vol. 6, p. 208; Soap. 

Potassium compounds, prohably the carbonate and nitrate, were used Jong before 
they were recognized as separate materials from their sodium counterparts, Saltpeter 
(KNO;) was probably a component of the “Greck fire” used late in the 7th eentury 
and is definitely reported to have been used in the preparation of gunpowder in, and 
probably before, the 18th century. Both potassium and sodium carbonates were 
obtained by leaching vegetable and plant ashes; the deliquescent characteristics of 
potassium carbonate served to distinguish it from sodium carbonate. Four hundred 
and fifty years before the opening of the Stassfurt deposits in Germany about 1860, 
the preparation of potassium salts from the ashes of seaweed was a flonrishing industry 
in Scotland. This industry was also important in New England. 

Although approximately 90% of all potassium salts used today enter into ferti- 
lizers, their use as such is less than one hundred years old. The Stassfurt deposits 
were opened originally as a source of salt and the contaminating potassium and mag- 
nesium salts were considered as impurities and of no value; indeed, they were classed 
as Abraumsalze (“refuse salts’) (9). In commerce, the term “potash” is applied to 
any potassium salt sold for its potassium content. The principal salts of commerce 
are potassium chloride (“‘muriate of potash”), potassium sulfate (“sulfate of potash”), 
and a mixture of potassium sulfate and magnesium sulfate (“sulfate of potash-nap- 
nesia”’), 

General Chemistry. All the alkali metals have one electron in the outer shell, 
and, since it is comparatively loosely held and readily released to other substances, 
they are all very reactive chemically. As potassium is the middle element in the series 
of five alkali metals, its compounds hear close resemblance to those of both sodium 
and rubidium, although their similarity to sodium compounds is more pronowneed. 
Most of the compounds of potassium are quite soluble in water, the major exeeptions 
being potassium sodium cobaltinitrite, KzNaCo(NOs)s, which is the least soluble po- 
tassium compound, potassium hydrogen tartrate, KHC.H,O,, potassium picrate, CoFL- 
(NO.),OK, potassium perchlorate, IKKCIO,, potassium chloroplatinate, KyPtCls, aad 
potassium fluosilicate, KaSiF, (7). , 

In general, the potassium compounds have steeper solubility-temperature curves 
than do the corresponding sodium compounds. They are more expensive, but are 
used where cost is not a controlling factor. The potassium compounds are easier to 
prepare and isolate because they crystallize more readily than the sodium compounds. 

Analytical Methods. In most analytical procedures, the alkali metals are first 
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converted to the chlorides and weighed as such. Lithium chloride is removed: by 
solution in amyl alcohol and then the potassium, cesium and rubidium are ‘precipi- 
tated as the corresponding chloroplatinates, MsPtCls. Sodium is removed from the 
mixture by leaching and washing with ethyl alcohol. If cesium and rubidium are 
present, which is seldom, they may be separated from the potassium by utilizing the 
difference in solubilities of the acid tartrates (7). Other methods frequently used in 
control testing because of their simplicity and rapidity are based on precipitation of 
the potassium as the perchlorate or the cobaltinitrite. A recently developed method 
making use of the insoluble potassium salt of the tetraphenylboron complex apparently 
possesses some distinct advantages (4). 


Occurrence and Production 


According to Clarke (2) the rocks of the half-mile crust of the earth contain, on the 
average, 3.11% ISO, ranging from 0.33% in the limestones to 3.24% in the shales. 
Many of the saline deposits of the world contain salts of higher K.O content. The 
most important minerals in the latter are listed in Table I, 


TABLE I, The Most Important Saline Minerals. 








Carnallite....... KCILMgCh.6H20, Leonite.......,. K, 804. Mg8O4.4H.0 
Halite.......... NaCl Polyhalite..... K:S0s,Mg80..2CaS04.2020 
Kainite......... MgSO, KCL3H2L0 Schocnite....... KaS0,4.Mg80,.6E1,0 
Kieserite........ Mgs0..520 Sylvinite*....... (2NaClyKCh 
Lungbeinite.,.... KeSO.2Mge80,. Sylvite......... KCl 








* Sylvinite is not a true mineral of definite composition, but is listed here because it is the form in 
which much of the commercially mined potash is found. It is a mixture of halite and sylvite, the 
composition of which depends upon that of the brine from which it is deposited. 


Wilh minor exceptions, all potassium compounds originate in natural deposits of 
solid salts or in surface or subsurface brines. The most important solid salt deposits 
are of Permian age. Before World War I, Germany enjoyed a virtually complete 
monopoly of world trade in potash through the operation of mines near Stassfurt. 
Trade restrictions started about 1913 resulted in intensified search for additional 
sources of potash, which, together with the territorial changes made after World War 
J, caused the monopoly to be broken. Germany, however, has continued to be the 
major producer. At the present time substantial quantities of potash are being pro- 
duced in Germany, France, Poland, Spain, the U.S.8.R., Israel, Australia, and the 
UB. 

Production of potassium, magnesium, and sodium salts on the west coast of the 
Union of South Africa by solar evaporation of sea water was started in 1949. De- 
posits estimated to contain more than 200,000,000 tons of potash have been discovered 
near Whitby, North Yorkshire, England. The deposits, about 4,000 feet underground, 
are reported to contain some sylvinite and large quantities of polyhalite, a slightly | 
soluble mineral not now in commercial production anywhere (5). 

Within the U.S., New Mexico and California are the major producing states, 
though there is minor production in Maryland, Michigan, and Utah. In California, 
the brines of Searles Lake constitute a source of substantial quantities of potash as 
well as of borax, sodium carbonate, and other materials. A typical analysis is given in 
Table II, The technical problems involved in the production of specification-grade 
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products from the brine are many and complex, and their solution represents 4 major 
triumph in the application of the phase rule (q.v.) to multicomponent systems. 











Total K, caled, to KCI, Go... eee 4.70 
Remaining Cl, ealed. to NaCl %..... 0.6... ee eee eee 16.36 
Total COs, caled. t0 NasOOs, %-. 0... ee ees 4.70 
Total 80g, ealed, to NagSOs, .. 0 ee 6.96 
Total BeOz, ealed. to NagBiO1, J... ee 1.50 
Total PeOg, caled. to NasPO1, %. oe. eee 0.16 
Total F, caled. to NaF, %.... 0 ces 0.01 
Other minor constituents, 0.0.06 0000 cee ee eee 0.30 

Total salts (approx.), Mooi ee eee ee 34. G8 
Ec) a 65.82 
Specific gravity... eee nee eee nes 1.30 
10 an 48 


Source: reference (5). 
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Fig. 1. Permian Basin area of Texas and New Mexico. 
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Approximately 85% of the total annual U.S. production of over 2,000,000 tons 
of potassium salts, containing well over 1,000,000 tons of equivalent KO, comes from 
near Carlsbad, New Mexico, where the most important potassium-containing minerals 
are-sylvinite (a mixture of halite, NaCl, and sylvite, KCI), Jangbeinite (2MgS0,- 
#280,), and polyhalite (2Ca80,.Mg80,.K,80.2E0). 


As is shown in Figure 1, the Permian galt and potash deposits cover a large area in New Mexico 
und Texas, In this area is to be found the greatest. Permian revord in the United States and probably 
in the world, where Permian strata total some 14,000 feet in thickness, The entire area apparently 
was a basin oecupied most of the time by a seaway conuecting to the south with the Permian equiva- 
lent of the present Gulf of Mexico and toward which drainage converged from the eastern interior and 
what is now the Rocky Mountain region. Within this major depression, known as the Guadalupe 
Basin, there were two subsidiary and rapidly sinking areas, now known as the Delaware Basin in 
Trans-Pecos, Texas, and southeast New Mexico and the Midland Basin of West-Centra! Texas. 
Between the two was a limestone reef known as the Central Basin Platform. So far, soluble poiash 
salts have been found in the Delaware Basin only, though polyhalite is found in both the Delaware 
and the Midland Basins (3). 

During the sinking of these subsidiary basins the remainder of the Mid-Continent area was 
emerging into lowlands, and the climate became increasingly arid and warm. JExcessive evaporation 
was matched by a steady flow of the marine water from the basin to its bordering shallow fringe. 
During the Jast epoch of the period, the high-salinity waters shrank within the Delaware Basin, 
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Fig. 2. Cross section through sylvite deposits east of Carlsbad, N.M. (18). 
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which became a dead sea almost complelely surrounded by a reef, and vast quantities of anhydrite 
and salt were deposited. Those deposits, which range up to 4,000 feet in thickness, constitute the 
Ochoa series and inelude the chief potash salt deposits of Ghe Western Flomisphere (15). 

The potush deposits now being mined are at the northéra end of the Delaware Basin and the 
minerals there are the products of the last stages of evaporation. Although they are iu the upper 
salt strata, the fact that from 100 to 600 feet of low-potash-conlent salt overlie tham indicates thats 
further influx of salinc waters took place after the main potush horizons were formed. A typical 
cross section through the Delaware Basin doposits cust of Carlsbad is given in Figure 2, 


MINING AND REFINING 


Though there is some localized minor folding, the generally horizontal character 
of the Carlsbad potash deposits permits mining operations similar to those used in 
modern coal mines. 

Some attempts have becn made to mine the soluble potash salts by solittion 
methods, but they have not proved to be successful commercially. The equivalent. 
1X,0 content of the ore as mined ranges from about 15 to as high as 85% and averages 
between 20 and 21% for all potash salts mined. 

Carlshad Salt Deposits. The commercial grades of potash produced at. the 
New Mexico mines are given in Table ITT. 


TABLE JIL. Commercial Grades of Potash. 














Name Minimum &% KO , 

Murlate of potash... 0.0... cece cee tne e eae tena cena 60-62 
Muriate of potash... 0.66 cent ete ee ene 48-50 
Manure salt§. 00.000 cece nectar renee tienes 22 
Sulfate of potash (90 to 95% IkeSO., basis 

0% KoSOg) eee teen en ee beeen enennas 48.65 
Sulfate of potash-magnesin (basis 40% 

FSOg 18.5% MgO)... ccc ccc ee cee een ee eee eraes 21.5 


The various market grades of potash are produced by well-integrated processing 
and refining operatious. In general, the ore is crushed and sereened into three por- 
tions, the exact quantities in each being governed by the market demand for the differ- 
ent cuts. The smallest size, which is sold as “manure salts,” requires no enrichment 
and is separated simply by screening out the ~-10 mesh mine run ore for sale as such. 
The 50% muriate of potash is obtained by flotation and wet tabling, using a brine 
saturated with salts, as mined, asa carrier. The sodium chloride tailings and the 50% 
KO concentrate are separated from the brine by drag classifiers. The salt is dis- 
carded, and the potash is dried for final shipment. Brine from both classifiers is 
clarified by thickening for mud removal and returned to the head end of the process 
(Flow Diagram 1), 

The highest grades of murtate of potash are produced by either the selution ov the 
flotation process. The solution process, which is an adaptation of the fundamental 
refining process used in Germany, is based on the difference in temperature-solubility 
relationships between the major constituents of the ore, sodium chloride and potassium 
chloride, In solutions saturated with both salts, the solubility of potassium chloride 
increases rapidly with temperature while that of the sodium chloride remains cssen- 
tially constant... The process is also illustrated in Flow Diagram 1. 
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The cool brine from the final steps in the process is heated to approximately 110°C. 
and fed into a continous dissolving system countercurrent to the —4 mesh ore in 
quantities sufficient to dissolve all the potassium chloride and a small portion of the 
sodium chtoride. The undissolved salt is given a final wash, dewatered in a classifier 
and continuous centrifuge, and then discarded. The hot brine is clarified in an 
insulated thickener to remove mud and slime, and is then pumped to vacuum ecrys- 
tallizers The mud is washed free af adhering potassium chloride and then dumped. 
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Flow Diagram 1. Production of potassium chloride, granular plant and refinery, U.S. Potash 
Company, Carlsbad, N.M. (15). 


Tn the erystallizers the brine is cooled by partial evaporation aud the resultant potas- 
sium chloride is removed hy and dried on top-feed rotary filters, from which it is loaced 
direct, for shipment or sent to storage. The brine filtrate is reheated and returned to 
the process as noted. 

Tn some instances, the 8-16 mesh cut of the ore is concentrated to a high-grade 
product, by tabling in a process as shown on the right side of Flow Diagram 1. 

The second of the two refining processes represents the first commercial applica- 
tion of the priuciples of flotation (q.v.) to the separation of soluble materials, It is 
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‘Fiow Diagram 2. Flotation process for the production of potassium chloride, Potash Com- 
pany of America, Carlsbad, N.M. (15). 


distinctly an American development and is made possible by the fact that the syl- 
vinite is not a true mineral but is a mixture of halite and sylvite crystals, which cau be 
separated by moderately fine crushing. The flotation process is shown in low 
Diagram 2. 
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The ore to be separated by flotation is first crushed in a hammer mill, then pulped 
with brine and milled in a ball mill. ‘Uhe extent of size reduction is governed by the 
size particle that can be floated by the flotation reagent in use. The ball-mill pulp 
is Classified, the oversize returned to the grinding cireuit, and the correctly sized pulp 
treated with the proper reagetts for froth flotation. By choice of reagents the sylvite 
‘un be made to sink or float, though normally the halite is floated and the sylvite 
sinks. he pulp with the reagents passes through a series of Hotation cells, in which 
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Fig. 3. Flow sheet of potassium sulfate process, International Minerals and Chemical Corporation, 
Carlsbad, N.M. 











Mixed salts 


air is introduced at the bottom to form a small-bubble froth. The air may be pumped 
in from an outside source such as a compressor, or drawn in from the atmosphere by 
the agitator, or both. The sylvite underflow from the cells is classified, dewatered on 
vacuum filters, and dried in rotary driers to produce marketable 60% muriate of potash. 
The classifier overflow, which contains very finely divided potassium chloride, is de- 
watered, the brine returned to the flotation circuit, and the solids either melted and 
flaked on a cooler or dissolved and reerystallized to produce a chemical grade of 99.9% 
KCl. The regular and flaked muriate average about 97% ICL. | 

The residual potash in ihe salt float from the flotation cells is revovered by a 
solution-recrystallization process similar to that described above. 


20 POTASSIUM COMPOUNDS 


Sullate of potash and sulfate of potash-magnesia ure produced hy processing lang- 
beinite (K.80,2Mp80,.). Though langbeinite is quite soluble, its rate of solution is 
extremely slow in comparison with that of the gangue salts; hence separation of the 
latter from the mine-run ore is readily accomplished by crushing and solution methods. 
The residual solid from the process contains 96-98% langbeinite and is dried and soll 
as sulfate of potash-magnesia or is used as raw material for the production of potas 
sium sulfate. Commercial-prade sulfate of potash (Q0-95% KeSO.a) is made by trent- 
ing langbeinite (ground to pass a 200-mesh screen) with a moderately concentrated 
solution of potassium chloride (Fig. 3). The reaction involved is tus follows: 

2 MgS8Q,.1.80, + 4 KC) -- HL > AIGSO, 2 Mela -F HO 





The resultant crystallme potassium sulfate ts separated from the motber liquor, dried, 
and stored. 

The mother liquor is sent to direct-fired evaporators, where it is couecntrated. to 
such a point that upon cooling to 80°C. in vacuum erystilizers the crystal erop is 
predominantly potassium chloride with some leonite. These mixed salts are separated 
by filtration and returned to the initial reaction stage of the process, and the residual 
magnesium chloride brine is discarded. During World War IT magnesium chloride 
was recovered from the residual brine. 

Other minerals, or mineral combinations, from whieh potassium sulfate is ob- 
tained are kainite (MgS0.1¢C13H.0), sehoenite (SO.Mg80;6EL0), kieserite 
(MgS0,.H,O), and sylvite (KCL. Potassium sulfate can also be made by treating 
potassium chloride with concentrated sulfuric acid in a manner similar to that in whieh 
salt cake (sodium sulfate) is made from sodium chloride, or by reaction of gaseous 
sulfur dioxide and water vapor with the solid potassium chloride by the Hargreaves 
process. 

Searles Lake Brine. The Searles Lake brines are processed to yield large quanti- 
ties of potassium cliloride, horas, soda ash, and sodium sulfate, along with sroaller 
amounts of other salts by the Trona process (5), The process involves first a concen- 
tration of the brine in multiple-effect: evaporators, whereby most of the sodium salts 


TABLE JV. World Production of Potash (K,0). 
(Metrie tons) 











Your, ‘Germany Vrance _ Pale atin Spain USS. RR, UB. Poland otal _ 
1930 J 708, $14 508 370 1,200 eee! 5B, 5S 3 —- see 
1982 - — 3,960 “—- — HG,286 0 --- wee 
1934 1,329,428 356,100 7,08 121,002 95,000 130, Qld G1, 878 

1936 1,622,050 368,880 1,727 vo 325,000 224,382 835,085 ne 
L938 1,861,000 581,790 29,059 — 122,000 287,582 108,342 aie 
1940 — — — — — S1ABT 0 = vo 
19.42 2,078,785 619,000 §2, 100 89, 654 —_ 616,162 an 3,514,000 
194f 1,925,530 466,657 §2,500 = 19-4, 284 — 757,103 aa 3,150,000 
19-46 955,400 574,495 45,3800 136, 541 — 815,321 0° — - 2,700, 000 
LOD47 - ~~ 682, 844 61,600 195, 82 ane 4-4, 282 _ 3,000, 000 
19-48 oe 769,000 29,700 451,185 “ 1,034,077 oe 3,500, 000 
1940 -— 900 ,000° — no oo [, 01-6, 586 ot 3,600, 000 
1950 eee - a vo 1,167,091 a _ 
W5L - oan oo oa 1,288,283 


a Production | data 1930-~ 19418 « are : for ‘Palestine, and 194 49 “Tor Ist: ue IeJordan, “Uxtes wted ‘trom 
waters of Dead Sea. 
> Astimated, 
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are precipitated hy crystallization and separated from the potash-containing mother 
liquor, The liquor leaves the clavifiers at about 235°R. and essentially saturated 
with potassium chloride. The latter is precipitated in vacuum. erystallizer-coolers 
and removed from the residual liquors by centrifuges or rotary vaciium filters, dried, 
and sent to storage. The liquors are pumped to the borax plant for further processing 
(11). See also Boron compounds, Vol. 2, p. 611. 


Economic Aspects 


As is indicated in Table TV, the United States now produces between 25 and 30% 
of the total estimated world production. 
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Fig. 4. Potash deliveries, by groups, in North America, 1939-1949 (10), 


TABLE VY. Prices of ‘Agricultural Potash, f.o.b, Carlsbad, N.M., 1943-1952. 











aT 13-46 L947 1948 1949 1950 1951 1952 
Manure sults, $/uuit 1,0" 0.20 0.20 0.20 0.20 0.21 0.21 0.21 
Muriate, $/unit, 1,0 0.585" 0.375 0.3875 0.39 0.40 0.42 0.44 


Sulfate of potash (hasis 90% K,S0,), 36.25" 30.00 32.50 32.50 34.50 36.25 36.25 
$/ton 

Sulfate of potash-magnesia (basis 49% 26,00" — 14.50 14.50 15,20 16.00 16.00 
Ky8O,, 18. 3.5 7 MgO), $/ton 


oA unit. 1,0 4 is defined as 1% (20 lb.) of equivalent IX,0 in 1 tion alt material, 
4 Prices ex-vessel Atlantic and Gulf ports, 
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United States consumption during the period 1939-1949 is shown in igure 4 
and domestic prices for {943-1952 are shown in Table V. 


Uses 


Approximately 90% of all potassium-containing materials are used as fertilizers 
(see Vol. 6, p. 429). Of the more than 2,000,000 tons sold) annually in the United 
States in recent years about 17% was polasstum sulfate and the balance potassium 
ehlovide. Although the price of sulfate of potash is approximately $10.00) per ton 
higher than that of the muriate, its use is required in the growing of cerlahi crops, 
Chloride in excess of 2% in fertilizers used on tobaeco tends to produce a thick, brittle 
leaf and impairs the burning quality by yielding an ash of low melting potit. Sulfate 
of potash is widely used in the growing of cilris fruits since it resiulls ina stigh lly higher 
suger content than is found in fruit from trees fertilized with muriate of potash. 
There is some evidence, not conclusive, that sulfate fertilizers result in higher sugar 
content of sugar cane and suger beet than ean be obtained with chloride fertilizers, 
Fleshy vegetables such as tomatocs seom to have improved shipping qualities if ferti- 
lized with the sulfate. 

For other uses of potassium compounds, see below under the various compounds, 
See also Alkali and chlorine industries; Soap. 


Potassium Acetate. 


Potassium acetate, KOO. formula weight 98.14, is a white powder with a 
specific gravity of 1.8; it melts at 292°C. and decomposes on further heating. — [ts solu- 
bility in 100 grams of water is 217 grams at O°C, and 396 grams at 90°C. : ils solubility 
in etlryl alcohol is 33 grams per 100 prams solvent. Aqueous solutions of this salt are 
slightly alkaline, wucl, since it is a salt of a strong base and a weal, acid, solutions of 
potassium acelate are used as buffering ageuts where close pL coutvol is desivect. 
Potassium acetate cu be made by several methods, the simplest of which involves the 
reaction of acetic acid with potassium carbonate or hydroxide,  Potissium acetate 
has limited use as & dehydrating agent, asa reagent, and as a diuretic. 


Potassium Borates. See Boron compounds, Vol. 2, p. 618. 
Potassium Bromate, IXBrQ;. See Bromine compounds, inorganic, Vol. 2, p. 619, 
Potassium Bromide, KBr. See “Potassium halides,” p. 24. 


Potassium Carbonates. 


Potassium carbonate, K.COs, formula weight 138.20, has a specific gravity of 2.29, 
fuses at 891°C,, and decomposes on further heating. The anhydrous salt ia a white 
deliquescent powder, with a refractive index of 1.531; its solubility in 100 grams of 
water is 105.5 grams at 0°C. and [56 grams at 100°C. It forms several hydrates, 
of which KyGO;,.t!-¢H.0 is the stable phase in contact with the saturated solution at 
temperatures from 0 to at least 180°C. The hydrates are also deliquescent, 

Although the term “potash” is in common usage as a generic name for all potas 
sium compounds for fertilizer use, it is more properly applied only to potassium 
carbonate because this material was formerly obtained almost exclusively by leaching 
plant ashes. Some potash is still obtained from that source. Potassium carbonate is 
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now generally produced by one of two methods: (1) earhonation of electrolytic potas- 
sium hydroxide, and (2) the two-step Engel process, involving first the precipitation of 
KHCO;.MzC0;.46.O by passing carbon dioxide under pressure into a suspension of 
neutral magnesium carbouate ot oxide in a solution of potassium chloride or sulfate, 
and then recovery of potassium carbonate by decomposition of the double salt with 
hot water into insoluble basic magnesittm carbonate and a solution of potassium 
carbonate. 

Potassium carhonate can also be made by the LeBlane process but not by the 
Solvay process, since the solubility of the bicarbonate is about three times that of 
sodium, bicarbonate, 

Although the principal use of potassium carbonate is in the manufacture of hard 
glass, it enters into (he praduction of a wide variety of other materials. Among them 
are oxalic acid, potassium cyanide, numerous morganic chemicals, mineral waters, food 
and perfume preparations, liquid soap, toilet articles, ceramic glazes, blueprint papers, 
dry colors, and priuting inks. Tis also userl in tanning leather, electroplating, brewing 
heer, washing, bleaching, and dyeing textiles, and as a dehydrating agent. It is used 
as the starting material in the manufacture of most chemically pure potassium salts. 
It is sold in the following grades: calcined (four grades) 80-85%, 85-90°%, 90-95%, 
and 96-98%; hydrated 80-85%; U.N.P.; reagent; and liquid solution. 

Potassium bicarbonate (potassium hydrogen carbonate), KHCOs, formula weight 
100.11, forms colorless monoclinic crystals. Tt has a specific gravity of 2.17 and, when 
heated, decomposes at 100-200°C. It can be made by passing carbon dioxide into a 
concentrated solution of potassium carbonate, or by exposing moist potassium carbon- 
ate to carbon dioxide, preferably uncderm oderate pressures. Potassium bicarbonate is 
considerably more soluble than sodium bicarbonate; the solubility in water at various 
temperatures is as follows: 


Temp., CG... 0... eee een 0 10 20) 30 40 50 60 
Soly., g. KHCO;/100 
ge ObO.....0...00..... 22.05 27.7 33.2 39.0 45.3 49.9 60.0 


Potassium Chlorate, KCIO;. Sce Chlorine compounds, inorganic, Vol. 8, p. 708. 

Potassium Chloride, KCl. See ‘Potassium halides,” p, 24. 

Potassium Chromate and Dichromate, Is.CrO, and KeCrmQ,;. See Chromium com- 
pounds, Vol. 8, pp. 947, 951, 

Potassium Cyanide, KCN. Sce Cyanides, Vol. 4, p. 705. 

Potassium Fluorides. See Fluorine compounds, tnorganic, Vol. 6, p. 721. 


Potassium Formate. 


Potassium formate, KHCOs, formula weight 84.11, is a colorless crystalline ma- 
terial, sp. gr. 1.91, which melts at 167.6°C. and decomposes on further heating to pro- 
duce potassium carbonate. TH is ouly slightly soluble in alcohol and in ether but 
extremely soluble in water; 100 grams of water will dissolve 331 grams. potassium 
formate at 18°C. and 657 grams at 90°C. 

Potassium formate can be made by a number of laboratory methods, but com- 
mercially the best method appears to be one which involves the reaction of potassium 
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sulfate with hydrated lime and carbon monoxide at 210°C. and 15 atmospheres pres~ 
sure (8). The commercial production of potassium formate is limited, 

The primary use of the material is as an intermediate In the synthesis of other 
compounds. 


Potassium Halides. 


All halides of potassitun lave face-centered cubic lattices with the atoms of pots 
stum and halogen alternating with one another, Thesides of the unit eubes range from 
5.33 A. for the fluoride to 7.05 A, for the iodide. 

With the exception of the fluovide, which, in addition to the anhydrous salt, 
forms crystals with 2 or 4 molecules of water of crystallization, depending on the tem- 
perature, the halides of potassium are anhydrous and nouhygroseopic.  Solubilittes 
of the chloride, bromide, and iodide are given in Table VI (12), 


TABLE VI. Solubilities of Potassium Halides. 





Temp. °C KCI Kr rn coe 

—10 23.9(~—9°C.) 46.7 HB. 

—%5 25.9 (—4.5°C,) 40.0 [LO +b 

rN 27. B35 OTA 
(0 3.0 59.5 136 
20 34.0 65.2 LH 
300 37.0 70.6 152 
49 10.0 7Hh.5 160 
50 42.0 80.2 168 
60 46.5 85.5 wit 
70 48.3 90.0 1R-£ 
80 51.1 4.0 102 
90 5.0 99.2 200 
100 56.7 104.0 208 





In general, solubilities in nonaqueous solvents inerease from chloride to iodide. 
The iodide in particular is soluble in many organic and inorganic liquids, Inehiding 
liquid ammonia anc liquid sulfur dioxide, probably with the formations of compounds 
analogous to the salt hydrates. 

Other properties of the halides are given in Table VII. 


TABLE VIL. Properties of Potassium Halides, 




















Solubility, grams/100 grams we tor 
Tinlide Mp. °C, Bap, °C Spier. an ~ — T00R 
KC) 740 1500 1. 9888 1, 490-4 27.6 56,7 
KBr 730 1380 2,75 1.6594 3.5 0-4 
KE 723 1330 3,138 1.6670 127.5 208 
KF 880 1500 2.48 1,352 L438" 150" 





« Solid phase KF4E0. 
» 80°C.: solid phase ICE. 


Potassium chloride (sylvitc), KCI, formula weight 7-156, is probably the best- 
known potassium compound and is certainly the one used in greatest quantities, Its 


POTASSIUM COMPOUNDS 25 


occurrence in natural deposits and production processing have been described above 
(pp. 18, 16). It forms a hygroscopic double salt with magnesium chloride, MgCh.- 
KCL6H.O (carnallite), which is one of the major potash minerals in Germany and 
France. Its major use is as a fertilizer; smaller quantities (less than 10% of total 
sales) are used in the manufacture of potassium hydroxide, potassium carbonate, 
potassium sulfate, potassium chromate, and other chemicals, and as a laboratory 
reagent. 

Potassium bromide, KBr, formula weight 119.01, white cubic crystals, is obtained 
commercially by the reaction of potassium hydroxide with bromine or by crystalliza- 
tion from natural brines. It is slightly soluble in 95% ethyl aleohol and in ether. 
Its principal uses are in the preparation of photographic emulsions (see Pholography), 
in engraving and lithography (see Printing and reproducing processes), and as a sedative 
(see Vol. 7, p. 774). 

Potassium iodide, ICI, formula weight 166,02, is similar in many ways to the 
bromide. It occurs in white, cubic crystals, is frequently obtained by crystallization 
from natural brines, and has many of the same uses as the bromide. In many in- 
stances the salt is made by dissolving iodine in potassium hydroxide solution with 
the formation of both potassium iodide and iodate. The solution is then evaporated 
to dryness, the iodate decomposed by heating, usually in the presence of mixed char- 
coal, and the iodide obtained by leaching and recrystallization. The iodate formed 
in this reaction can also be reduced in the liquid phase by boiling with a suitable re- 
ducing agent such as iron filings. Jixtreme care must be used to remove all impuri- 
ties, especially iodate, from the potassium iodide to be used for medicinal purposes. 

Solutions of potassium iodide will dissolve considerable quantities of iodine 
through the formation of polyiodides; the amount of iodine dissolved increases with 
the concentration of the iodide. Dark blue and black crystals of potassium triiodide, 
KT, are obtained readily by evaporation of a solution of iodine in potassium iodide; 
polyiodides as high as KI, have been reported. Iodochlorides and iodobromides are 
also formed. This property of polyhalide formation is extremely useful in organic 
synthesis. 

Major uses of potassium iodide are in the manufacture of photographic emulsions, 
in engraving and lithography, in organic chemical synthesis, and as an admixture in 
small amounts with tablesalt. In medicine, itis used principally as an expectorant (see 
Vol. 5, p. 683) and as a source of iodine in the treatment of thyroid disorders (see Iodine 
preparations). Potassium iodide containing radioactive iodine has been used with 
some success in the treatment of thyroid cancer. 

Potassium Fluorides. See Vol. 6, p. 721. 


Potassium Hydride. 


Potassium hydride, KH, formula weight 40.10, is similar to the potassium halides 
in that it has a typical saltlike cubic crystal structure. Its specific gravity is somewhat 
in doubt, but the value of 1.48 given by Hurd (5a) is probably the most accurate, 
It is a true saline hydride (see Vol. 7, p. 595), in which hydrogen exists as the 
anion, H~. When the molten hydride is electrolyzed, potassium deposits at the 
cathode and hydrogen gas is evolved at the anode. 

It, may be prepared by moderate heating of the metal in the presence of hydrogen 
under pressure, but will decompose into the metal and hydrogen at 400-500°C. It is 
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extremely reactive, decomposing on contact with water into the hydroxide and hy- 
drogen: 
WKH + HQ ———> KOH + II, 


It is a good reducing agent; with gentle heating in moist carbon dioxide it forms 
potassium formate and some free carbon, and with dry earbou dioxide it forms the 
carbonate and free carbon. 

Potassium hydride hus the sume potential uses as sodium hydride but is more 
expeusive. Since there is a considerable difference in the decomposition pressures of 
KEL and KD, its use in the separation of hydrogen from deuterium has been suggested 
(13a). 

Potassium Hydroxide, KOH. See “Potassium oxides and hydroxide,” p. 27. 
Potassium Iodide, IKI. See ‘Potassium halides,” above. 


Potassium Kurrol’s Salt. Seo Phosphoric acid and phosphates. 


Potassium Nitrate. 


Potassium nitrate (niter, salipeter), K.NQO;, formula weight 101.10, is a white, 
triclinic erystalline material, with a specifie gravity of 2.11 at 10.6°C. and a refractive 
index of 1.5038. 14 melts at 334°C. and decomposes on further heating: 

2 KNO, ———> 2 KNO, + O, 


It is very slightly sohuble in alcohol, but quite soluble in water. See Table VITE (12). 
TABLE VII. Solubility of Potassium Nitrate in Waier. 
(Grams per 100 grams water) 





Tomp., °C, Soly., 2/100 pg. water 








; _ 


13.3 70 {88 
10 20.9 80 169 
20) 31.6 90 202 
30 45.8 100 216 
40 03.0 L10 300 
50 85.5 120 30-4 
60 110.0 





125 





Although some potassium nitrate is obtained from natural deposits, most. of it is 
made by taking advantage of the solubility relationships in the system KCI-NaNO,- 
H20. In aqueots solution, the solubilities of potassium nitrate, potassium chloride, 
and sodium nitrate invrease markedly with temperature, while that of the fourth 
possible single salt of the system, sodium chloride, changes relatively little. When 
hot, a concentrated solution of sodium nitrate and potassium chloride is obtained and 
can he removed by decantation or filtration. The solution is then evaporated to just 
below the solubility limit of potassium nitrate, sodium chloride crystals are removed, 
and the solution is cooled. Potassium nitrate is less soluble than either sodium uitrate 
or potassium chloride, and hence is obtained as the low-temperature crop. 

Much of the gunpowder of the past was composed of a mixture of potassium 
nitrale, powdered charcoal, and sulfur, and potassium nibrate is still used in the manu- 
facture of black powder, although it has been largely replaced by more moderu ex- 
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plosives (y.v.). Potassium nilrate is used in the manufacture of some matches and in 
various pyrotechnics (q.v.), both of which make use of the oxidizing power of the 
nitrate. Other uses of potassium nitrate include the manufacture of certain types of 
glass and ceramic glazes, meat curing, pickling, and in medicine, A mixture of 54%, 
potassium nitrate and 45% sodium nitrate melts at 220°C. aud makes a convenient 
high-temperature liquid bath if confamination with organic materials is avoided. 
See Heat-transfer media, Vol. 7, p. 394. 
Potassium nitrate is available commercially in cither powder, crystalline, or 
granular form, in the following grades: technical, U.S.P., reagent grade, pure double 
refined, and pure triple refined. 


Potassium Nitrite. 


Potassiuin nitrite, NNO:, formula weight 85.10, has a specifie gravity of 1,015, 
melts at 297°C., and decomposes when heated to about 350°C. Tt is deliquescent, 
very soluble in ammonia, and slightly soluble in aleohol; its solubility iu 100 grams of 
water Is 281 grams at 0°C. and 413 grams at LOUCC. Lost potassium nitrite is made 
by hlawing carefully controlled praportions of carbon, dioxtde-free air and pure nitric 
oxide, coutaining no nitric acid, into a solution of potassium hydroxicle. 

The complex salt potassium cobaltinitrite, Ixy[Co(NOs)_].1)2H.O, is only 
slightly soluble (0.09 gram per 100 grams water at 0°C.); this property is frequently 
made use of in qualitative and semiquantitative analyses for potassium. See also Vol. 


4, p. 210. 


Potassium Oxides and Hydroxide. 


Potassium oxide, Ix.0, formula weight 94,19, specific gravity 2.32, is formed by 
heating an excess of the metal in air. If sufficient oxygen is present, the superoxide, 
IXQg, is formed. The peroxide, KeQe, uid the “sesquioxide,” K.O., can he obtained by 
treating solutions of the metal in liquid ammonia with oxygen. See Peroxides, 
Tnoergante, 

The monoxide is deliquescent, soluble in alcohol and ether, anc very soluble in 
water, with which it reacts to form the hydroxide. 

Potassium hydroxide (caustic potash), KOH, formula weight 56.10, is a brittle, 
white, deliquescent solid with a specific gravity of 2.044. Tt melts at about 380°C. 
and does not lose water upou further heating, but vaporizes unchauged at its boiling 
point of 13820°C. Tt dissolves in water with considerable evolution of heat; its water 
solution is a very strong base. Its solubility in 100 prams of water is 97 grams at 0°C., 
178 prams at 100°C., and 213 grams at 125°C. 

The normal commercial method of preparation is by the clectrolysis of a solution 
of potassium chloride in either diaphragm or mercury amalgam cells, a process very 
similar to that used in the preparation of caustic soda (sodium hydroxide). The potas- 
sium hydroxide liquor (6-72) at the cathode is withdrawn, and evaporated wntil the 
potassium chloride crystallizes out and can be removed by filtration; the potassium 
hydroxide mother liguor is then evaporated to the desired concentration or until it 
will solidify upon cooling. 

Potassium hydroxide forms lydrates with 1, 2, and 4 molecules of water; the 
transition lemperulure from the tetra- Go the dihydrate is —33°C., and from the di- 
to the monohydrate 32.5°C. Both of the latter hydrates ean be obtained by evapora- 
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tion of solutions of caustic potash; the dihydrate separates from solutions containing 
less than 589 KOH, the monohydrate from solutions of from 58-85%, and the an- 
hydrous hydroxide from more concentrated solutions (2). 

In general, potassium hydroxide can be used wherever a strong base is indicated, 
but since it is more expensive than caustic soda, its uses are somewhat more limited. 
Specifically, it is used in the production of such materials as potassium salts, match- 
head compositions, textile and toilet soaps, detergents, perfume preparations, prniting 
inks, and certain dry colors; in bleaching textiles and mercerizing cotton; and in clee- 
troplating, photuengraving, and lithography. Because of its great affinity for water, 
potassium hydroxide is sometimes used as a laboratory drying agent (see Vol. 5, p. 
270). About 50% of the total output of potassium hydroxide is consumed by the 
soap inclustry and about 25% by the textile industry. 

It is available in the following grades: technical (88-92% and 73-75%), U.S.P., 
commercial (fused, broken, granulatecl, and flakes), in solution, purified by alcohol 
(sticks, lumps, pellets, and flakes), and reagent. 


Potassium Perchlorate, KCIO,. See Chlorine compounds, inorganic, Vol. 3, p. 722. 
Potassium Permanganate, KMuQ,. Sec Manganese compounds, Vol. 8, p. 754. 


Potassium Peroxide, K.Q,. See “Potassium oxides and hydroxides,’ above; Per- 
oxides and peroxy compounds, inorganic. 


Potassium Phosphates. Sce Phosphoric acids and phosphates. 
Potassium Silicates. Sec Silica and silicates. 


Potassium Sulfates. 


Potassium Sulfate, 1.8O,, formula weight 174.25, crystallizes as white, rhombic 
erystals with a specific gravity of 2.662 and a refractive index of 1.4947. It melts at 
1074°C., and volatilizes without decomposition at; higher temperatures. Its solu- 
bility in 100 grams of water is 7.35 grams at O°C. and 24.1 prams at 100°C.; it is 
insoluble in most organic solvents. As might be inferred from the compositions of 
potassium, minerals previously listed, potassium sulfate shows a strong tendency to 
complex-salt formation. 

Though fertilizer usage offers the largest market, for potassium sulfate, it finds 
industrial use as a setting-time accelerator in gypsum wallboard manufacture, as an 
altiflash agent in smokeless powders, and as a raw material in the manufacture of 
alums and other inorganic chemicals. Of the approximately 10,000 tons of potassium 
sulfate used industrially, about 8,000 tons is used in the manufacture of wallboard 
(q.v.). 

Potassium bisulfate (potassium hydrogen sulfate), KHSO,, formula weight 136.17, 
is a colorless, deliquesceut, crystalline material having a specific gravity of 2.245 anda 
melting point of 210°C. Its solubility in 109 grams of water is 36.3 grams at 0°C. and 
121.6 grams at 100°C.; it decomposes in alcohol. Small amounts are used in the 
' manufacture of cream of tartar, as a flux in metallurgy, and as a chemical intermediate. 


Potassium Sulfide. 


Potassium sulfide, K.8, formula weight 110.25, is a brown deliquescent material 
_ with a specific gravity of 1.805. It melts at 471°C.; it is very soluble in water and is 
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soluble in ethyl aleohol, glycerol, and ammonia. It erystallizes with 2, 5, or 12 mole- 
cules of water. Jt may be made by heating: metallic potassium with sulfur or by the 
reduction of potassium sulfate with earhon (coal). Potassium sulfide has little use 
except as a laboratory reagent and asa depilatory. Polysulfides are known up to the 
hexasulfide, KuSs. 


Potassium Sulfite. 


Potassium sulfite, .8QO;, formula weight 158.25, is known in the anhydrous, 
monohydrate, and dihydrate forms; the last is the most common material of commerce 
and is the one used in phutographie developer formulas. It is a white crystal or erys- 
talline powder, the solubility of which remains remarkably constant over u wide 
temperature range: 100 grams of water will dissolve 51.0 grams IX.5O0; at —30°C. 
and only 52.88 grams at 97.2°G.; throughout the entire runge RasO, is the equi- 
librium solid phase, 

Potassium sulfite is prepared by passing sulfur dioxide into a solution of potassium 
hydroxide or carbonate. 


Potassium Superoxide, XO.. See Vol. 10, p. 53. 
Bibliography 


(1) “Claustie Potash,’ Mfg. Chemists’ Assoc. of the US., Chem. Safety Data Sheet, SD-10 (1947). 
(2) Clarke, F. W., “The Data of Geochemistry,”’ OS. Geel. Surrey, Bull. 770, 34 (1924). 
(3) Cunningham, W. A., “The Geology of Texas," Unie. Meras Ball., 3400, 11, 831-67 (1984), 
(4) Flaschka, H., Z. anal. Chem., 186, 2 (1952). 
(5) Gale, W. A., Indl. Eng. Chem., 30, 867 (1938). 
(5a) Hurd, D, T. Chemistry of the Hytrides, Wiley, N, Y., 1952, p. 36. 
(G) Johnson, B. L., and Tueker, 8. M., Afdnerals Yearbook; US. Bur. Mines, 1949 (Preprint, 
“Potash’’). 
(7) Latimer, W. M., and Hildebrand, J. F., @eference Book of Inorganic Chemistry, rev. ed., Mae- 
millan, N.¥., 1940, ch. TV. 
(8) Gmelin, 8th ed., 1936, System-Nummer 22. 
(9) Mellor, 1422, Vo]. IT. 
(10) Minerals Yearbook, U.S. Bur. Mines, 1949. 
(11) Mumford, R. W., nd. Hug. Chem., 30, 872 (1938). 
(12) Seidell, 3rd ed., 1940, Vol. I. 
(13) Smith, H. L, Znd. ng. Chem., 30, 854 (1038). 
(138) Sollers, 2, F,, and Crenshaw, J, L., 2. Am. Chem. Soc,, 59, 2015 (1937). 
(14) Thorne, P. C. L., and Roberts, E.R, Bphrain’s Inarganie Chemistry, Ath ed,, Tnterscience, 
N.Y., 1946. 
(15) White, N. C., and Arend, C. A, Jr., Chem, Eng. Progress, 46, 523-30 (1950). 
(16) Thorpe, 4th ed., 1950, Vol. X, p, 151. 


W. iA. CUNNINGHAM 


POTENTIALS, ELECTRODE. See ilectrochemistry. 


30 POTENTIOMETRY 


POTENTIOMETRY 


The term potentiometer is currently used to refer in general to any resistance cle- 
ment. with oue or more taps or sliding contacts, with both terminals of the resistor 
available. It is more properly restricted to a precision resistor of this type with cer- 
tain pertinent accessories which adapt it to the comparison of potential differcuces. 
Lt isin this sense that the term will be used it this article. 

The precision potentiometer is probably the most important instrument i the 
field of clectricnl measurements, In its less precise forms it finds applications in 
almost every branch of industry. [tis indispensable in electrochemistry for measuring 
the em.f. developed by various voltaic cells, for example in the measurement. of hy- 
drogen-ion concentrations in electrolytes. It measures the e.m.f. of thermocouples 
snc thus serves to determine temperatures. [tis used in the calibration of voltmeters 
and ammeters, and to measure resistances. See also Bleetr7e tnstruments, 


Working Principles 


The general principle of the potentiometer rests on the fact that when a steady 
current is passed through « series of resistors the potential differeuce hefween any two 
points is proportional to the resistance between them. If a battery of emf. & is 
connected in series with a slide-wire (Fig. 1), there is a continuous drop of potential 


R 





Fig. 1. Fundamental potentiometer circuit. 


throngh the slide-wire. Two points @ and b can be found on this slide-wire such that 
the drop of potential between them is equal to e (e< #). If an external source of 
em.f. ¢ contacts the slide-wire at @ and 5, a current detector in series with e will indi- 
eate no current, If some other extcrual source of e.m.f, ¢’, also less than 2, is in- 
troduced, for which the balancing positions are a’ and 0b’, the ratio of ¢ to e”? will be 
equal to the ratio of the resistance between @ and b to that between a’ and b’. This 
affords a means for comparing the e,m.f.'s or drops of potential from various sources. 
If e is the known emf. of a standard Weston cell, ¢ can be computed in volts. In 
practice, the resistance between @/ and b’ in ohms is made numerically equal to some 
multiple of the e.m.f, of the standard cell. Tor example, the e.m.f. of the standard 
cell being 1.019 volts, the resistance between a’ and b’ may be fixed at 101.9 ohms. 
Thus, if a current of 0.01 ampere is supplied by #, the ZR drop between a’ and b’ will 
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be equal to the e.m.f. of the standard cell. The rheostat 2 in series with # serves to 
adjust the emrent 7 uutil the galvanometer remaius uncetlected when cantaet is mice 
ata’ and 6’. The value of / is then 0.01 ampere and the elrap of potential throughout 
the cireuit is 0.01 volt per ohm. 

The vahie in ohrus of the resistance between «und b when the detector in series with 
eis uncdefleeted is therefore 100 {dimes e in volts, The slide-wire or series of resistors 
can be graduated in terms of volts and the value of ¢ read directly from the seule. The 
emf. ¢ may originate in a voltaic eell or a thermocouple, ar it may he ihe drop of 
potential across u standard resistor through which flows a current to be measured. 

Since this is a mul method, a gulvanometer ean be used which is as sensitive ag 
is desired, because the range is not resivicted by its deflection. The galvanometer 
is nol calibrated, and variations in its sensitivity or of the resistunee in series with it 
do not: affect the position of balance, but only the narrowuess of the limits within 
which the balance polit can be located. Since neither cuore? supply any current 
at balance, there is uo drop of potenti: in leads or in the source of e.m-f., and the 
open-cireuit or total em.f. is measured, 


Component Parts 


Standard Cell, The standard of reference for all voltage measurements is the 
Weston standard ecll (see Vol. 3, p. 305). This cell, when prepared in accordance 
with the specifications of the International Conference of Weights nud Measures, has 
wn emf, of 1.019 volts = 0.10%. Tn its “uusaturated” form its temperature co- 
efficient of emf. is negligible. Its uscful life is at least. 10 years, barring abuse or 
aceident. The most important preeaution to be taken in the use of stanclard cells is 
that both the magnitude of the evarent drawn and its duration should be very small. 
In precise measurements preliminary baluices should he made with a resistance of at 
least, 10,000 ohms in series with the cell; this resistance should be removed only when 
the unbalance is well within the range of the detector scale. A standard cell should 
not. be exposed to temperatures lower than —4°C. nor higher than -l0°C., if its appli- 
cation demauds that its emf. shall not permanently depart. by more than +£0,01% 
from its certified value. If the permissible limits of crror are of the order of +£0.1%%, 
these temperature limits may be considerably exceeded without permanent damage. 
A standard cell packed in solid carbon dioxide will return nearly to its original emf. 
within 24 hours after being thawed. 

Battery. The battery used to supply the putentiometer current should be capable 
of furnishing a current of 10 milliamperes over a period of hours with only gradual 
decreases in em.f. Dry cells (No. 6 or equivalent) are adequate for all but refined 
measurements if Lhey are allowed time to stabilize at the discharge rate recuired by 
the potentiometer hefore measurements are started. The hattery circuit should be 
kept closed continuously even when days clapse between measurements, For the 
most precise work lead storage batteries of 40-80 amperc-hours capacity are used, and 
only over the flat part of their diseharge curve. Both these sources of current have 
appreciable temperature coefficients of em.f., and should be protected against large 
or rapid temperature changes. See Baétertes, electric, 

Current Detector. The successful cperation of a potentiometer is dependent on 
the current detector used to indicate that a balance has been reached. Since the 
function of the detector is to indicate the absence of current, it should have a stable 
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gero position on open cireuit, and must he sufficiently current-sensitive to give a 
recognizable indication when the contact b (Fig. 1) is displaced from the balanced 
position sufficiently to introduce an emf, Ae into the detector circuit. Ae represents 
the maximum permissible departure from exact balance in the measurement in hand, 
A current will he produced by Ae which is given by: 


rT = Ac/ (Ra ++ Rs + Ry) 


where 2, is the internal resistance of the detector, R, the resistance of the source, and 
R, the effeetive internal resistance of the potentiometer between the points a and b. 

When a moving-coil galvanometer is used as current detector, current sensitivity 
depends upon the strength of the magnetic field, the effective winding area of the sus- 
pended coil, the torsion constant of the suspensions, etc., and is unaffected by external 
resistance. Sensitivity to voltage unbalance is given by the product of current sensi- 
tivity and the total resistance in the galvanometer circuit: 


Ae = I(Ra + Ry + Rp) 


An important characteristic of a galvanometer is its external critical damping 
resistance (CDRX). This is the resistance in series with the galvanometer which 
permits such a damping current to How that the coil returns to its zero position after 
a deflection in the least possible time and without overshooting. This least time is 
almost equal to the undamped free period of the coil. Ry, + R, should not be less 
than the CDRX, but may advantageously he slightly greater, so that on return to 
zero there is a very small overshoot. 

To secure the highest possible voltage sensitivity with a given galvanometer, 
R, + FE, should be equal to its CDRX. The value of 2, may vary from an ohm or 
two for a thermocouple to many thousands of ohms for an electrochemical cell. The 
value of At, is dependent on the potentiometer used, but is usually of the order of 50 
ohms. For use with a low-resistance source a galvanometer should be chosen which 
has a CDRX of about 50 ohms and an internal resistance as low as is consistent with 
adequate current sensitivity. , 

Galvanometers with the following characteristics may be assumed to be avail- 
able: 

















Sensitivity Resistance 
Galvanometer ny. /mom. za./mm. 7 Internal CDRX 
(a) 0.5° 0.007 17 50 
(b) 2.1 0,005 25 400 
(c) 12.8 0.0005 550 25 , 000 








* Critically damned. . 
Galvanometer (a) would be chosen for use with a 10-ohm thermocouple on the 
following basis: 
Ae = 0,007(17 + 10 + 50) = 0.54 uv./mm, 


Also 10 + 50 is sufficiently close to the CDRX of (a) for satisfactory operation. If 
galvanometer (6) were used, it would be necessary to add 340 ohms in series with the 
galvanometer to avoid the sluggish action of an overdamped galvanometer. Then 
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Ae = 2.1 wv./mm, or only a quarter as goud as for (2). Galvanometer (er) ix still less 
desirable for similar reasons. 

If the source is an electrode system with a resistance of 1000 ohms, galvauometer 
(b) would be chosen. If (a) were chosen it would be necessary to shunt it with about 
50 ohms to secure the required CDRN. Then only three-quarters of the current ta 
be detected passes through the coil and the current sensitivity is reduced to about 0.01 
pa./mm.: 


de = 0.01018 + 1000 + 50) = 11 pv./mm. 


Using galvanometer (b), a shimt of about 640 ohms would be required to seenre the 
required CDRX, reducing the effective curreut sensitivity by only 407. 


Ae = 0,005(25 + 1000 + 50) = J. uv./mm., 


Galvanometer (c) is designed for current measurement in very-high-resistance 
cirenits and would practically never be used with a potentiometer. Its use would be 
restricted to cases where #, is greater than 25,000 ohms, and here cleetronie current 
detectors are preferable, 

Electronic current detectors are available in various forms (see Electrentes). 
The earlier ones made use of d.e. amplification with the aid of “electrometer” vacnum 
tubes with very high grid impedance. They have given good service but have the 
disalvautage of zero instability, requiring frequent readjustment. A very stable 
and sensitive current detector is now available which uses a vibrator type of converter 
to transform the d.e. input signal into a.c., which is then amplified throngh several 
stages, reconverted to d.c. by a second syvuchronized vibrator, and measured or de- 
tected with o microammeter. Tuverse feedback provides stability of gain. Sta- 
bility of zero results chiefly from the d.c.-a.c. couversion, which makes possible the use 
of ac. amplification. The electronic detector can be designed to be either current- or 
voltage-sensitive. As a current detector it is capable of a sensitivity of the order 
2X 107" amp./div. in a high-resistance circuit, As a voltage amplifier it can be 
Taade sensitive ta 0.5 wv./cliv. with an external resistauce of GO00 ohms, Ti measur- 
ing the e.m.f. of a glass electrode with a resistunce of 1000 megohms, a current de- 
tector is used giving a sensitivity to about 0.02 pH or 1 mv./div., with a response 
time of abont 4 seconds. 

The more obvious advantages of the electronic detector over the galvanometer are 
higher seusitivity in high-resistunce circuits, greater zero stability, and immunity 
from disturbance by vibration, shock, and tilt. A further, little-recognized advantage 
appears in the measurement of voltaic em.f.'s. In such a measurement, a flow of 
current may result in polarization which changes the value of the e.m.f. being meas- 
ured. At “balance” a current too small to be detected may still be Aowing. When 
a galvanometer with a current seusitivity of 5 > 1079 amp. is used as a detector, the 
current at “balance” may be as large as 10° amp. With the eleetronie detector the 
current at “balance” probably will not exceed 10-7" amp. The error introduced by 
polarization should then be only a hundredth as great as when the galvanometer is 
used. ‘The outstanding disadvantage of the electronic detector is cost. 


Potentiometer Circuits 


Students’ Potentiometer. Of the many types of potentiometers in common use, 
one will be described briefly as representative. It is shown diagrammatically in Figure 2, 
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which presents a cireuit Mindamental to most of the potentiometers hi general use, Tt 
is designated the students’ potentiometer, and was designed primarily as a laboratory 
instrument for training students in the principles and practice of potentiometric 
measurements. Its usefulness is not confined to instruction, since if is also a de- 
pendable measuring instrument whieh is capable of measuring voltages with a limit 
of error of #£0.25¢. Thi Figure 2 the parts assembled in the potentiometer hox are 
included within the dotted rectangle. The standard ecll, dry cell, switches, rheosteat, 
ete. are separate items and must be conneeted by the user. The dial switch A in- 
clucles fifteen 10-olim resistors. The slide-wire 8 is shunted to a resistance of 10 ohms. 
It is about 14 inches long and is mounted on the circumference of a bakelite disk 5 
inches in diameter. A scale on the disk parallels the slide-wire and is divided into 100 
main divisions, each corresponding to 0.1 ohm. ‘The dial resistors and the slide-wire 
are adjusted to equality within +0.04%, the slide-wire adjustment being made by 
meus of the shunt resistor. 














Fig. 2. Circuit of the students’ potentiometer for voltage measurement. 


In measuring an e.m.f., contact is made on the various dial studs of A by the mov- 
ing arm and on the slide-wire by a fixed contactor, past which the slide-wire is turned. 
These contacts correspond to a and bin Figure 1. They are in the galvanometer cir- 
cuit, and variations in their resistance do not affect the position of balance nor the 
magnitude of the potentiometer current. 

Connections having been made as shown in Figure 2, the selector switch is set on 
“Sid. cell.’ Tho contarts on A and B are set to correspond with the em.f. of the 
standard cell in use, If this is 1.0187 volts, A is set at 1.0 and B at 18.7. The re- 
sistance between the two contacts points is then 101.87 ohms. The rheostat in series 
with the dry cells is adjusted until there is only a slight deflection of the galvanometier 
when K-1 is tapped. Then, using 2, which by-passes a 10,000-ohm resistor 
in series with A-1, the full sensitivity of the galvanometer is applied in adjusting the 
eurrent to precisely the required value. The drop of potential of the battery cur- 
rent through 101.87 ohms is now equal (within the limits of galvanometer sensitivity) 
to the emi. of the standard cell, and the current through A and B is 0.01 ampere. 
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There is a drop of potential of 10 millivolts through each ohm in -l and Bo A dis- 
placement of one major division on the slide-wire scale corresponds te {.0 millivalt 
change in measured voltage. Readings on this scale ean be made to two tenths of a 
major division, or to 0.2 millivoll. To measure an unknown voltage which is less 
than 1.6 volt the selector switeh is set. on “HAMLIE.,” and dial 4 and slide-wire B are 
adjusted until the galvanometer does not deflect when A-2 is closed. The unknown 
voltage is (hen read direethy from the dial and slide-wire settings, By connecting to 
the binding post. "0.01" imstead of ta “1,” the range of the potentiometer is changed 
from 01.6 to 0-0.016 volt by reducing the current through -t and B from 10° milli- 
amperes to 0.1 milliampere. 

The upper limit of the range of the potentiometer can be increased to 3.2 volts by 
setting up a reading in A and B which is just half that used in the usual balance against: 
the standard cell, for example, 0.5095 in place of 1.019. The current will then be ad- 
justed to 20 milliamperes instead of 10, and readings must be multiplied by 2 to find 
the voltage. The e.m.f. of the hattery supplying the current must. be in excess of 1.6 
volts in the normal case and of 3.2 volts for the double range. Normally, two l.5-volt. 
dry cells or one 2-volt lead storage battery ure adequate. 

Other Manual Potentiometers. Afany variations of the potentiometer circuit 
are available, designed to afford various degrees of precision, various voltage ranges, 
and various methods of adaptation to particular applications, A typical potentiometer 
for use in industrial electrochemical measurements is a portable, self-contained instru- 
ment. It ineludes all the esseutial potentiometer parts such as standard cell, dry cell, 
pointer-type galvanometer, aud rheostat, permauently counected io a measuring 
circutt. The latter comprises teu equal resistors, through each of which there is a drop 
of 0.1 volt, and a cireular slide-wire with a scale reading directly to 1 millivolt and by 
estimation to 0.2 millivolt, over a range from 0 to 110 millivolts. The measuring range 
of the potentiometer is thus 1110 millivolts, and it is possible to read directly to hetter 
than 0.1% of the full range. Binding posts provide for connections to the souree of 
the emf. to be meastred. An external electronic current detector may he substi- 
tuted for the galvanometer when e.mf.’s in high-resistanee sources such as glass elec- 
trodes are to be measured. Such a potentiometer is extremely convenient and quite 
adequate for many electrochemical measurements, Tt is representative of a large 
group of portable potentiometers of various characteristics, many of them being in- 
tended for the measurement of temperature by means of thermocouples. 

Other potentiometers (13,16) have been designed with the purpose of attaining 
high precision in potentiometric measurements together with convenience in opera- 
tion. Examples are the Wolff (18), a classical German instrument; the Tinsley, 
made in England; the Wenner (1) and the Type K2, made by the Leeds & Northrup’ 
Company; the Rubicon Type B; and the General Electric Precision (2), 

A precise potentiometer should be capable of measuring changes in voltage of 1 
microvolt or Jess and of measuring voltages greater than a third of the instrament 
range with a limit. of error of £0,019. To achieve such precision the resistors mak- 
ing up the measuring circuit should be matched so that the resistors in a given dial are 
equal within +£0.005%. They should remain matched over long periods of time. 
There should also be a similar mateh between the resistance of a single unit in a dial 
aud the total resistance of the next lower dial. 

The circuits are preferably so arranged that unsoldered contaets oceur only in 
galvanometer or battery circuits, where variability of contact resistance has little 
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effect, in the first case because no current flows through the contact at balance, and in 
the second because it is in series with 4 resistance which is sufficicntly large to make 
small variations in contact resistance negligible. Preeautions are taken to eliminate 
as far as possible all sources of parasitic e.m.f.’s, such as thermal e.m.f.’s at junctions 
aul bincling posts, or in the galvanometer and its leads. The current is standardized 
agninst the standard cell without disturbing the settings of the measuring dials. 
Méans ure provided for adjusting the resistance across which the standard cell is 
balanced to fit it to the known o.m.f. of the standard cell in use. 

In some of the potentiometers the cireuit is so arranged as to keep the internal 
resistance of the instrument as measured from its galvanometer terminus nearly 
constant. This makes it possible to maintain the damping of the galvanometer at 
its optimum value for all settings of the potentiometer dials. It also makes it possible 
to calibrate galvanometer deflections in terms of microvolts so as to interpolate be- 
tween adjacent settings on the dial introducing the smallest increments. 

In the measurement of small voltages such as thermocouple e.m.f.’s or the poten- 
tial drops through standard current. shunts, a low-resistance potentiometer is ad- 
vantayeous, since it permits the use of galvanometers with lov CDR, and conse 
quent high voltage sensitivity for a given current sensitivity. A high-resistance 
potentiometer, such as the Wolff, is best supplied to the measurement of e.m.f.’s from 
high-resistance sources, where its high resistance imposes no further limitations on the 
behavior of the galvanometer. 

Recording Potentiometers. Automatically balanced potentiometers are avail- 
able which record the results of measurement in permanent form on a chart, as a 
function of time or of some other variable, and do this continuously without interveu- 
tion of an observer. They also may actuate control systems, to maintain a desired 
condition, or to vary the condition in accordance with a definite program. ‘Their 
circuits are similar in most respects to those used in manually balanced potentiometers 
and need no additional description. One available refinement is provision for auto- 
matic standard-celt balance at intervals of about 45 minutes. 

Two general types of recording potentiometers are now available. The older 
one has a galvanometer as a detector and is balanced stepwise in response to mechani- 
cally amplified impulses initiated by departures of the galvanometer potter from its 
null position. The galvanometer is not called upon to supply any energy, the work of 
balancing and recording being performed ly a motor. 

In a more recently introduced type of recorder, the voltage unbalance of the 
potentiometer is transformed into a.c. with the aid of a synchronous vibrator or cou- 
verter driven at power frequency. The resulting a.c. voltage is proportional to the 
d.c. voltage unbalance of the potentiometer, and depends in phase on the direction of 
unbalance. The voltage is electronically amplified to a power level at which it is ca- 
pable of controlling the rate aud direction of rotation of a split-phase motor, which 
moves the slide-wire contact, and with it the recording pen, in a direction to produce 
balance. The electronically operated recorder has the advantages of continuous 
rather than stepwise balancing; greater available speed of balancing, making it 
possible to follow rapid changes in the e.m.f. of the source more closely; and immunity 
from disturbance by shock, vibration, or tilt. It is also capable of greater sensitivity 
than the galvanometer, so that narrower scale spans are possible, when it is desired 
to detect small changes in the recorded variable. It is subject to error due to pick-up 
from stray electromagnetic fields, particularly of power frequencies. Precautions 
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must be observed in the arrangement of leads, and tr their shielding as well as in the 
instrument itself to minimize these errors, which are not observable in the galvanometer 
type of recorder. 


Typical Methods of Measurement 


Calibration of a Millivoltmeter.. Uhe milliveltmeter is connected in series with au 
adjustable source of die. voltage. The voliage applied is adjusted to bring the 
needle of the milliveltmeter to a desired reading on its scale. The potentiometer with 
its leads connected to the binding posts of the millivolimeter, and with its eurrert 
standardized with the aid of dhe standard cell, is balanced. The readings of its dials 
give the actual voliage applied. 

Calibration of a Voltmeter. Voltage is applicd to the voltmeter us above. A 
volt. box, that is, a precisely adjusted resistor of 100,000 ohms or more with taps at 
definite fractious of its resistance such as 0.1 and 0.01, Is connected across the volt- 
meter terminals, The potentiometer is usec to measure the potential drop to one of 
the taps. For example, with a voltmeter reading of 100 volts the 0.01 tap is used aticl 
the potentiometer reading at balance should be L volt. 

Calibration of an Ammeter, The anmmeter to be calibrated is connected in series 
with a standard resistor of know value, for example 0.1 ohm, A steacky doe. current 
such as muy be supplied by a storage battery is passed through them and adjusted to 
give a desived reading ou the ammeter scale. The potentiometer is used to measure 
the drop of potential through the standard resistor. If this drop in the 0.1-ohm re- 
sistance is found to be 1.01 volt, the current is 10.1 amperes, and the error of the 
ammeter, if it was set ou the 1Q@-ampere division, is +-0.1 ampere. 

Measurenient of a Resistance. Current from a sternge battery or some equally 
steady source of dic. is passed through the resistance to be measured and a standard 
resistor in series. The potentiometer is connected alternately across the standard 
and the unknown resistors, and the two drops of potential are measured. The ratio 
of the resistances is the same as the ratio of the drops of potential through them and 
the resistance of the unkuown is readily computed. 

Measurement of Temperature with a Thermocouple. The measuring junction 
of the thermocouple is inserted in the medium whose temperature is to he measured. 
Copper leads ure connected to the free ends of the thermocouple and are preferably 
placed in separate ice baths, Alternatively, a single iee hath may be used and the 
junetions pkaced in separate thin glass tubes containing a few drops of mercury, care 
being taken that the copper wires do uol make clectrical contact with the thermocouple 
wires except at their actual junction point and that there is sufficient. depth of immer- 
sion of the mercury in the ice bath to avoid error due to heat conduction from the 
exterior along the wires and the mercury. The potentiometer is used to measure the 
em.f. generated by the thermocouple, and the temperature of the measuring junction 
is read from the tempcrature-e.m.f. table of the thermocauple. 

Measurement of Temperature Difference with Thermocouples. Using, for 
example, copper and Constantan as the thermucouple materials, a copper wire long 
enough to reach from one to the other of the tivo locatious between which the tem- 
perature is to be measured is welded at each end to Constantan wires. The other 
ends of these Coustantan wires are joined to copper leacd-wires and the junctions are 
immersed in ice baths as described above. With the two measuring junctions in the 
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desired Jocations, « potentiometer is used to measure the resultant emf. which is a 
measure of the difference in temperature of the two measuring junctions. 

Measurement of the E.m.f. of a Voltaic Cell. The ‘e.m.f.” terminals of the 
potentiometer are connected to the appropriate electrodes of the cell and the usual 
potentiometric balance is made, the value of the e.m.f. being read directly from the 
dial settings. 

Checking One Potentiometer Against Another. ‘The “e.m.f.” terminals of the 
twa potentiometers are connected together, positive to positive and negative to 
negative. The galvanometer terminals of the potentiometer being checked are 
shorted and its key is locked down. “The standard potentiometer is then used to 
measure the actual voltage when various voltages are set up on the dials of the un- 
known. 


Choice of Potentiometer 


As in most instrumentation, the choice of measuring instrament lo be used should 
be governed by the nature of the use for which it is intended, In the precise meas- 
urement of small thermal e.m.f.’s such as are encountered in calorimetry, the most 
precise of the available potentiometers should be chasen. The same is true of the 
potentiometric measurement of the resistance of a platinum resistance thermometer, 
or of small currents, by measuring the drop of potential through a standard resistor. 
In the routine measurement, of furnace temperatures hy means of a base-metal thermo- 
couple, a portable potentiometer reading to a tenth of a millivolt is adequate, and 
because of uncertainties and lack of stability in the calibration of the thermocouple 
a more precise measurement of e.m.f. is meaningless. 

In choosing a potentiometer for electrochemical measurements, the inherent 
sources of error and of uncertainty in the system which produces the emf. to be 
measured should be borne in mind. It is useless to attempt to avoid the effects of 
uncertainties in the source by using a precise potentiometer and reading the balance 
pomt to an impressive number of significant figures. The importance to electro- 
chemists of the potentiometric method of measurement arises not so much from its 
precision as from the fact that it is nearly free from errors due to polarization, Nearly 
all potentials encountered in electrochemical work are voltaic in their origin, and are 
subject to change by polarization whenever a current flows between the electrodes. 
If it were not for this fact many of the desired voltage measurements could be made 
with adequate precision with deflection-type millivoltmeters. The great advantage of 
measurement by means of a potentiometer is that at balaice no current passes through 
the electrolyte and there is no polarization. 

In conductometric measurements, a flow of curreut through the electrolyte is essen- 
tial, and the effects of polarization are annulled by the use of a.c. current in the bridge 
circuit, This is possible since conductance is independent of the direction of flow. 
But the o.m-.f. of an electrode system is unidirectional and polarization is, except in 
very special cases, wuavoidable if there ig a flow of current. 

In the vast majority of electrochemical measurements, potentiometers of very 
moderate precision are adequate. The use of precise potentiometers is justified only 
in the most refined work under extremely carefully controlled conditions. Uneer- 
tainties as to the exact temperature of the electrolyte are sufficient to vitiate read- 
ings to closer than 50 microvolis. A portable potentiometer reading to 1 millivolt, 
and by estimation to 0.5 milivolt, is capable of measuring to betier than 0.02 pH, 


POTENTIOMETRY 3¢ 


uid it is an exceptional application even in the research laboratory that. justifies closer 
readings than this. It is most important that the eurrent deteetur have an adequate 
sensitivity, so that full advautage may be taken of the null curretet balanre method. 


Electrochemical Applications 


Potential differences may occur between a solution aud a metal, between a solu- 
tion and another solution, between a solution and 2 membrane, or across membranes 
which are permeable to some ions aud not to others, or (hey muy urise from the rela- 
tive motion of solid bodies and a liquid medium. The magnitudes of these poten- 
tial differences may often be measured with a potentiometer and used ux a basis for 
the determination of the ecoucentration of substances in solution. 

It is important to note that the potentiometer is capable of meusuriug only dif- 
ferences of potential. Tt eaunot be used to measure the electrode potential which 
exists, for example, at the interface between a metal eleet rode and # solution in which 
iL is placed. For a potentiometric measurement it is necessary to place in the solu- 
tion two electrodes whieh acquire different potentials. One of these electrodes is an 
indicator electrode aud the other a reference cleetrode which provides @ constant refer- 
ence potential. The difference of potential between the electrodes is ineasured, and, 
if a sviteble bulicator electrode is used, variations in this dilfereuce of potential serve 
to indicate variations in active tom concentration in the solution, 

Such measurements are subject to some uncertainty resulting from the fact that 
the solutions to be measured are not the ideal extremely dilute solutions assumed in 
the derivation of the formula used, and that other ious may be present in varying con- 
centrations. To make electrieal connection between the reference electrode aid the 
solution in whieh it is placed, “salt bridges" are required, whieh involve liquid june- 
tions between two solutions. These junctions may give rise fo spurious ea.f.’s. 
Such departures from ideal conditions must be taken into account tw very precise 
measurements, that is, to closer than 1 millivolt. They are inherent im the solution- 
electrode system and cannot be avoided by the use of more precise measurements of 
potential difference. This should be kept in mind when one is tempted to report 
values of pH, for example, to a uumber of significant figures limited only by the pre- 
cision of the poteutiometer usec. 

Measurement of pFl (see Aydrogeu-ion concentration). In industrial measure- 
ments of pH, reproducibility to 6 millivolts in potential difference (to 0.1 pH at 25°C.) 
is usually adequate, while in the research laboratory a reproducibility to 0.6 millivolt 
(0.01 pH at 25°C.) is sometimes desirecl but is seldom attained because of the ui- 
certainties in eleetrode potentials noted above. To approach a precision of 0.01 pH 
the most meticulous attention must be given to the control of every source of electrode 
error. 

When hydrogen, quinhydrone, or antimony electrodes are used, the resistance of 
the electrode system in the electrolyte being measured usually ranges from 1,000 to 
10,000 ohms. Ordinary moving-coil galvanometers have ample voltage sensitivity 
for detecting wibalance with the requisite precision when connected in series with 
electrode systems having resistances up to 10,000 ohms. In such a circuit only 
ordinary precautions need be taken to avoid errors due to leakage currents, since the 
resistance, even of ordinary insulators, is high compared with that of the electrode 
system, 
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Glass eleeltrodes, however, have resistances ranging from a few million up to 
several billion ohms. These resistances are of the same order of magnitude as is at- 
tained in the insulators ordinarily used in the construction of potentiometers, particu- 
larly under humid conditions. As a result, leakage paths comparable in resistance 
with that of the glass clectrode may exist, giving rise to serious crrors in measurement. 
Such leakaye currents as might pass through the galvanometer or other balance de- 
tector may be neutralized by intercepting them into a grounded guard system, rather 
than admitting them into the measuring circuit. Leakage currents from the bulb 
over the stem of the glass clectrode to ground cannot be thus avoided, and it is essen- 
tial that the resistance along the stem shall be high compared with that through the 
glass membrane, preferably at least 1000 times as great. The potentiometer itself 
requires well-designed guarding, one particularly vulnerable point being the galva- 
nometer key. 

Galvanometers are not suitable detectors of voltage unbalance for use in circuits 
containing high-resistance elements such as glass electrodes, since, to attain the high 
current sensitivity required, their period must be long, the suspensions delicate, and 
the suspended system subject to zero drift and to disturbances by vibration and shock. 
Electronic detectors are preferable in glass-electrode circuits, since it is possible with 
their aid to secure adequate voltage sensitivity in these high-resistance circuits (see 
Vol. 5, p. 579). 

The uses of potentiometric pH measurements in industry are very numerous and 
diverse. They serve to indicate and to record the acidity or the alkalinity of solu- 
tions, and to control the pH at the desired value in continuous processes. For ex- 
ample, waste water from a chemical process may be neutralized before discharge by 
coutrolling the rate of addition of neutralizing agent to the waste water, in response to 
the indications of a potentiometer recorder. Additions of alum to the “white water” 
in & paper mill are mace at a controlled rate so as to maintain the required acidity. 
In cane-sugar mills proper clarification of the juice is secured by controlling additions 
of lime in response to the indications of a pH recorder. In nearly every chemical in- 
dustry important uses are found for the potentiometric measurement of pH. In 
chemical laboratories there are equally important applications. Many analytical 
processes depend upon a proper control of pH; the selective precipitation of many 
inorganic hases and the coutrol of the hydrolysis of complex salts represent only a few 
of the specific applications in the analytical laboratory, 

Oxidation-Reduction (¢.v.). Another electrode system imvolving a potentio- 
metric type of voltage measurement is that using oxidation-reduction or “redox” clec- 
trodes. In this system the pH-responsive indicating electrode is replaced by an un- 
attackable electrode such as platinum, which in general is not pH-responsive. A 
typical case is the control of the bleaching action by a hypochlorite solution with the 
aid of a redox electrode system. Such electrode systems are of interest to biologists 
in the study of the oxidation und reduction phenomena oceurring in respiration and 
assimilation, 

Any flow of current between the electrodes tends to polarize them, shifting the 
balance point from its true zero current position, and giving rise to erroneous read- 
ings. The sign of the error depends upon the direction of the current. As a result, 
there are two apparent balance positions, one reached when approaching balance 
from the positive direction and the other from the negative direction. ‘This error re- 
sulting from the unbalance current is much less when an electronic detector with a cur- 
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rent sensitivity of 10~" ampere is used than with a galvanometer with a sensitivity of 
10“Sampere. It is therefore preferable in me:nsurements with redox electrodes to nse 
an electronic detector rather than a galvanometer to detect potentiomel vie unbalauice, 

Potentiometric Titrations. Active jonie concentrations may be determined from 
potential measurements utilizing « suitable combination of reference electrode wed 
indicator electrode in # suitable cell containing the ionie speeies i question, When 
it is desired to know the total available quantity of « given ion species which is present. 
in a solution rather than the active concentration, it is necessary to resort to titration 
procedures. 

Potentiometric titrations are of great use in analytieal procedures. Tn potertio- 
metric titrations the change of potential is a linear fietion of the change of the 
logarithm, of the ton concentration or fhe ratio of the concentration of oxidant ta re- 
ductant in the system being titrated. The occurrence of 2 large jump in potential at 
the equivalence point makes it possible to titrate to a definite potential with a high 
degree of accuracy. The hydrogen gus electrode is used to determine directly the 
activity or the effective concentration of lyydrogen ions, In other words, this gives the 
actual acidity. However, there is always a “reserve avidity’’ as represented by the 
unionized acid, and this can be measured by the use of a titration procedure. 

The classical method consists in measuring the potential difference between an 
indicator electrode and a reference electrode at suitable intervals during the titration, 
For acid-base titrations a pH-responsive electrode is the indieator electrode, while 
for redox titrations the plitinum electrode is the indiextor electrode, The volume- 
voltage relationships may be plotted and the inflection point of the curve can serve 
to indicate the equivalence point. In many cases this point ean be observed by in- 
speelion, but sometimes the point of inflection is net prenounced and wader these 
conditions it is desirable to plot #/V against V (2 = voltage, V = volume of reagent 
added). The sharp peak in the curve gives the end poiut with greater certainty. 

End points for many different reactions can be obtained by potentiometric titra- 
tions, stich as for acid-base neutralization, oxidation-reduetion, and precipitation. A 
wide variety of techniques have heen used. Bimetallic electrodes, polurized electrodes, 
titration to zero difference of potential between electrodes, and differential titration 
have been diseussed at considerable Jength in the literature, Four very valnable 
papers by Furman (4) on potentiometric litratiou give a complete review of this field 
from 1980 to 1951, and provide 1184 references to published work tvolving the use of 
the potentiometer for measurements in chemical systems. 

Rapid developments have taken place in the application of clectronie devices ta 
the recording of titration data and to mechanized titrimeters, Automatic titration 
apparatus based upon the use of a motor-driven syringe buret and a potentiometer 
recorder equipped with a switch to stop the action at any predetermined potential has 
been described by Lingane (10), Commercial automatic titration equipment is now 
available from several manufacturers. 

Coulometrie Analysis. ‘Vitrations may also be made which depend upon the 
application of Faraday’s law of electrolysis. A determination is made of the number of 
cowombs required to bring a solution to a predetermined eud point by electrolytically 
generating in the solution a reagent which produces the desired reaction; for example, 
in the determination of reducing substances by the generation of bromine. The 
amount of reagent generated is found hy the application of Faraday’s law. Thus the 

- passage of known quantities of clectricity replaces the addition of measured volumes 
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of a standard solution of a reagent to the solution being titrated. The end point of 
the reaction is indicated by potentiometric measurement just as in the case of volu- 
metric titration. Means may be provided for automatically indicating the arrival 
at the end point actuated potentiometrically from an indicator-reference electrode 
system. 

Polarography. Yor a description of the use of the potentiometer to supply a uni- 
formly increasing voltage for polarographic purposes, see Electronics, Vol. 5, p. 581; 
Polarography. 


Summary 


Tn this brief, and necessarily incomplete, discussion of potentiometry, with em- 
phasis on the problems of the electrochemist, an attempt has been made to establish 
a few fundamental facts which may be summarized as follows: 

The potentiometric method is used for measuring the differences of potential 
with which the eleectrochemist is most concernecl because it is a null method of meas- 
urement. A voltmeter is not suitable for such purposes because the current required 
to produce the deflection of the voltmeter disturbs the equilibrium of the chemical 
system, resulting in false values for the measured emf. The fact: that the poten- 
tiometer is capable of much greater precision than the voltmeter is an important factor 
in its choice, but not the predominant one for the electrochemist. 

In choosing a potentiometer for a particular application it is uuwise to select one 
which is capable of a much higher precision than is justifiable by the reproducibility 
of conditions in the electrode system. A potentiometer capable of measuring to the 
nearest, millivolt is adequate for all but the most, refined pH measurements. 

Theuseftlness of a potentiometer in a particular type of measurement is dependent. 
to a high degree upon the means used. for detecting balance. In choosing a detector 
for use in a particular application; consideration must be given to the uatiure of the 
eireuit in which differences of potential are to be measured. An electronic deteetor 
is demanded in high-resistance circuits, such as are encountered with glass electrodes. 
It is preferable in some low-resistance circuits, where its own high resistance limits the 
polarizing currents that may flow at “balance,” and its greater sensitivity makes the 
eurrent at balance more nearly zero, Tor the great majority of measurements in low- 
resistance circuits, adequate precision can be attained with galvanometers as cle- 
tectors, and at «much lower cost for equipment. 
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POTTERY. Sce Ceramies (whiteware; chemical ware); Clays (ceramie). 
POULTRY. See Meat and meat products, 


POWDER METALLURGY 


The Powder Metallurgy Committee of the American Society for Metals has defined 
powder metallurgy as “the art of producing metal powders and objects shaped from 
individual, mixed, or alloved metal powders, with or without the inclusion of non- 
metallic constituents, by pressing or molding objects which may he simultaneously 
or subsequently heated to produce a coherent mass, either without fusion, or with 
fusion of alow-melting constituent only” (2). 

Powder metallurgy is, therefore, essentially the art of producing metallic parts from 
metal powders by processes which do not involve fusion of the metal, The metal powder 
may contain nonmetallic admixtures as well as lowersmelting metal additions which 
may undergo melting during processing, The main point is, however, that the major 
portion of the starting material remains in the solid state. The standard procedure of 
powder metallurgy consists in shaping metal powder or powder mixtures by pressure 
and subsequently heating the pressed powder compact to temperatures well below the 
melting point. The shaping by pressure is termed “compaction,” and the heat treat- 
meut “sintering.” It is possible to perform campaction and sintering simultaneously 
and this procedure is termed “hot pressing” or “pressure sintering.” In special cases, 
powders are sintered without previous compaction; in other cases, compacted powders 
are used without subsequent sintering. 

According to the quoted definition, powder metallurgy comprises also the art of 
producing metal powders in general; that is, not only metal powders intended for 
processing by compaction and. sintering, but also powders used in other applications, 
for example, as cutalysts or as constituents of pyrotechnics or paints. The term 
‘metal powders” as used in the foregoing paragraphs should be understood to refer 
not only to powders of metals and alloys in the common sense but also to powders of 
compounds such as carbides, nitvides, borides, und silicides, which are characterized 
by metallic appearance and properties, and, in particular, exhibit: metallic bonding as 
indicated by their electrical and thermal conductivity. 
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As long as the absence of a heat treatment leading to fusion of the metal is considered the 
essential feature of powder metallurgy, it must be admitted that this modern branch of metallurgy is 
atleast 5000 years old. Ancient Egyptian iron implements must have been produced without fusion 
since the furnaces then available did not reach (emperatures sufficiently high to melt iron, It is true 
that the starting material was nol. a powder but was spongy iron obtained by reduction of oxide ores, 
Llowever, this iron sponge was consolidated by hammering and heating, which corresponds to standard 
techniques of modern powder metallurgy. Tt is well established also that platinum jewelry of the 
Tne culture was prepared from native metal nuggets by methods not involving fusion of the platinum, 
since, again, the furnaces available did not permit this. 

These and similar techniques wore, however, forgotten when, in 1829, Wollaston described his 
process of producing duciile platinum. Wollaston started [rom platinum powder prepared by chem- 
ical precipilation, pressed the powder while wet, dried the resulting compacts at 800-900°C., and 
forged the metal, while still hot, to sheets. Wollaston’s process was in practical use until, toward the 
middle of the 19th century, furnaces for melting platinum became available. 


The renaissance of powder metallurgy, at the beginning of the 20th century, is 
closely associated with the development of the incandescent lamp industry. Coolidge 
discovered that sintered tungsten can be rendered ductile hy hot working, and de- 
sigued processes for the production of tungsten filaments. Identical ev very similar 
methods were employed for the processing of other high-melting metals such as molyb- 
denum, tantalum, and osmium. These methods, developed during the first two dee- 
ades of the 20th century, are still exclusively in use for the production of filaments, 
sheets, and other parts made from tungsten, molybdenum, and tantalum, and thus 
are essential for not only the lamp industry but also for raclio, television, radar, and 
all other branches of electronics. 

The cemented carbide industry was developed in the second and third decades of 
the 20th century. Like the refractory metals, the hard carbides of the transition 
metals of Groups IV-VI of the periodic table have high melting points aud require 
powder metallurgy techniques for processing. Lohmann was the first to sinter tung- 
sten carbide; Schréter recognized that the addition of low-melting hinder metals, such 
as cobalt and nickel, is prerequisite for satisfactory bonding (cementing) during sinter- 
ing; wad Schwarzkopf introduced the use of multicarbides, that is, solid solutions 
of two or more carbides. These cemented multicarbide hard metals are the basis of 
our modern machining tools which permit the high-speed machining of steel. Ce- 
mented carbides are also used to a large extent as drawing and other cold-working dies 
and wear-resistant parts. See Carbides (heavy-metal). 

The so-called composite materials were introduced around 1920. Powder metal- 
lurgy offers the possibility of combining metals which are not alloyable and would 
segregate in the liquid state. By compacting and sintering powder mixtures of such 
metals, a uniform distribution of the metals in the finished product can be secured, 
and these products combine the favorable characteristics of the components. Gebauer 
introduced contact materials prepared from mixtures of high-melting and wear- 
resistant metals, such as tungsten and molybdenum, with metals of high clectrical 
und thermal conductivity, such as copper and silver. Such contact materials are es- 
sential for heavy-duty applications. Metal parts of controlled and uniform porosity 
can likewise be produced exclusively by powder metallurgy. Porous oil-impregnated 
(self-lubricating) bearings have been in mass production since about 1930. The prin- 
ciples of the production process were, however, described by Gwynn as early as 1870. 
Porous metal filters, for example, of bronze or stainless steel, were introduced by Claus 
in 1928. 
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The products mentioned so far-—refractory metals, eemented earbides, composite 
contact materials, and porous bearings and fillers-—cannot be produced by any tecl- 
nique other than powder metallurgy. Around (935, the manufacture of structural 
siitered parts, particularly iron and steel parts, became of commercial importance. 
In this fiell, powder metalhargy must compete with conventionsl processing methods. 
In general, structural parts prepared by powder metallurgy Lave, as far as strength 
and other characteristics are concerned, no advuntages as compared with cast and 
wrought material of corresponding composition, Duriug Werkl War IT, pure iron 
parts, such as soft magnetic pole pieces, were mass-produced by sintering because 
there was an ample supply of pure iron powders while pure iron bur stock was not wvall- 
able. Under normal conditions, however, the powdearmetallurgieal production of 
structural parts can be competitive only on the basis of economic advantages. In 
spite of the comparatively high price of metal powders, competition is possible if 
conventional techniques Invelve considerable machining costs. Powder metallurgy 
permits the pressing of powders to the final shape. Shrinkuge will occur during sinter- 
ing, but this factor ean be taken into aceowmt, and parts of intricate design may be 
produced within close tolerances with litle or no machining operations. The more 
intricate the design, the higher are the machining costs involved in other production 
methods, and the more competitive becomes powder metallurgy. It must, however, 
also be considered that the dies required for compaction are expensive, so that competi- 
tion is possible only iu mass production, that is, when a large number of parts esau be 
compacted in the same die, Although the applicability of powder metallurgy to 
the production of structural parts is thus limited, it has nevertheless assumed consider- 
able proportions. There are, however, design limitations eased by the almost ¢um- 
plete absence of lateral flow of the powder during compaction. See p. 52. 

See also ref. (2). 


Theory of Sintering 


A theory of siitering must wecount For the fact that metal powders ean be trans- 
formed, without fusion, to compach metals that exhibit a strength of the same order of 
magnitude as cast and wrought materials of corresponding composition, ‘This phe- 
nomenon ts readily understood when the grain structure of metals and the well-known 
effects of cold working and heating on this structure are taken into consideration. 
Metallic materials generally are polyerystulline, that is, they are composed of indi: 
vidual crystallites separated by the xo-called grain boundries. After cold warking, 
such metals exhibit. reerystallization, that: is. uew crystals grow, the old grain bhouuda- 
ries disappear, and a different grain structure is established. See also Alloys. 

With a compact of pressed powder particles as the starting material, aud assuming 
that the individual powder particles are single crystals, the sintering process is anal- 
ogous to the recrystalligntion of cold-worked metal, interparticle boundaries taking 
the place of grain boundaries. The fart that the powders actually usccl are generally 
polyerystalline does not constitute an important difference, La any case, the staetural 
changes taking place duriug sintering proceed across the original boundaries, aod in 
sintered compacts (here is no distinetion between interparticle and intergranular 
houndaries. Usually, the only difference in the sQuetures of recrystallized cold- 
worked metals and sintered compacts is the presence of pores in the siulerecl compacts. 

This picture is oversimplified but indicates that no new theoretical concepts need 
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be introduced ad Ave for the interpretation of the sintering mechanism. The demon- 
stration of the analogy between sintering and recrystallization is vot meant, to imply 
that necessarily the same forees are uetive in both processes. Neither the mechanism 
of reerystallization vor thal. of bonding during sintering has heen fully explained. 

The first step of the bonding mechanism is probably the establishment of “point” 
bonds betaveen adjacent particles, that is, a rearrangement of atoms which results in 
the formation of new crystallites built up from atoms originating from different 
particles. Ab the contact areas involved in the formation of such point honds, the 
original interparticle boundaries have been replaced by grain boundaries. The first 
point bonds will, nm many instances, be formed during the compaction process. Dur- 
ing subsequent sintering additional point bands will he formed, and all of these minute 
crystallites will act as nuclei and will grow until all original interparticle boundaries 
have been eliminated. Simultaneously with, and continuing after, these structural 
changes, densification takes place, that is, the porosity of the compact is climinished. 
Three types of porosity must be distiuguished: in the first type, the pores are located 
at the boundaries, and are interconnected as well as connected with the surface of the 
compact; in the second type, the pores are also located at the boundaries but are not 
interconnected; and m the third type, the poresare located within the individual grains, 

While it is at present more or less generally agreed that. surface and interfacial 
densions are the driving forces for the macroscopic material transport occurring in the 
sintering reaction, there is cousiderable disugreement as to the mechanism of this 
transport. Mechanisms based upon plastic and viscous flow have been suggested 
but are at present considered less probable than others which are based on diffusion 
processes. With interconnected pores, surface diffusion will make significant ecoutri- 
butions, but in general, bulk diffusion is, according to present views, the rate-deter- 
mining process. The favored mechanism, that of varancy migration, involves a 
vacancy gradient set up under participation of the boundaries. Pores within grains 
are believed not to decrease il size; such pores will, however, also under the action of 
surface tension, assume spherical shape. 

The foregoing discussion of the bonding mechanism was limited to the standard 
procedure, which consists in compaction aud subsequent sintering of homogencaus 
powders. In principle, the same processes take place in modified techniques of 
powder metallurgy. In hot pressing, where the powders are compacted and smtered 
simultaneously, plastic deformation can be expected to play a larger part than in cold 
pressing, With helerogencous powder mixtures, alloying may take place curing sinter- 
ing, and distinction must be made betaveen systems with only solid constituents at 
sintering temperature and others which form liquid phases during siutering. Material 
trausport is significantly accelerated by the presence of a liquid phase, and it is com- 
paratively easy to climinate porosity in compacts sintered in the presence of a liquid 
phase. 

A modifivation of liquid-phase sintering is the infiltration process, which consists 
in first sintering a porous skeleton of a comparatively high-melting metal, 4, and subse- 
quently contacting the skeleton with a lower-melting metal, B, at a temperature above 
its melting point but well below the melting point of the skeleton material. The 
molten metal, B, will, by capillary forces, be driven into the pores of the skeleton, anda 
fully dense material will result. 

lor a more detailed discussion of the theoretical [oundations of sintering, the 
reader is referred to recent books (2,5,6), ae 
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Production Methods 


M&TAnL POWDERS 

The performance of metal powders is determined by such factors as purity, 
microstructure, particle size and particle size distribution, particle shape, surface 
structure, specific surface area, rate of flow, apparent density ef the loose powder, 
and compactibility. These characteristics wre to a large extent interdependent: thesur- 
face area, for exumple, is a funetion of particle size, particle shape, and surface struc- 
ture. Test methods have been standardized (9). See Size measurement of particles. 
Powder characteristies depend on the method of powder preparation aud can he varied 
within wide limits. Since different combinations of characteristics are required for 
different applications, & variety of mechanical, chemical, and physicochemical methods 
ave employed for the commercial production of metal powders, Most frequently 
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Fig. 1. Spongy particles of iron powder Fig. 2. Dendritic particles of electrolytic iron 
(X 200). powder (100) (1). 


used ure reduction of solid oxides, electrolytic depusition from salt solutions, and at- 
omization (mechanical disintegration) of liquid metals. 

Reduction, Powders of iron, nickel, copper, molybdenum, and tungsten are 
produced by reduction of the respective oxides at elevated temperatures with gases 
such as hydrogen, carbon monoxide, natural gas, or other hydrocarbons. Tf solid 
carbon is employed as reducing agent, this may also be considered us gas reduction, 
since the first step of the reaction is the formation of carbon monoxide which subse- 
quently reacts with the metal oxide. For molybdenum, tungsten, and cobalt powders, 
reduction is the ouly practical production method. The largest amounts of iron 
powders are obtained by the Swedish sponge iron process, which essentially consists 
in the reduction of very pure oxide ore by carbon. The bulk of the iron powder thus 
produced is used as melting stock. Very pure iron powder for processing by sintering 
is obtained by hydrogen reduction of mill scale. The gas reduction method is versa- 
tile, and according to starting material and conditions of reduction, powder of widely 
varying characteristics may be obtained. igure 1 shows typical particles of iron 
powders produced by carbon reduction of oxides. Gas reduction has also been applied 
as a primary metallurgical method. A recently developed provess, for example, 
permits the production of high-purity iron powder from the low-grade carbonate ore 
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found in the Mesabi Range of the Minnesota iron deposits. In this case, the ore is 
digested with sulfuric acid, FeSQ,.7H,O is separated by fractional crystallization, and 
selective calcination of the dehydrated sulfate yields Fe.O;, which finally is reduced to 
iron powder by hydrogen. If carbon or carbon monoxide is used as reducing agent, 
reduction ean be combined with carburization. It is thus possible to produce stecl 
powder as well as powders of the carbides of the refractory metals. 

A modification of the hydrogen reduction method is the hydride process. For 
example, if calcium hydride is added te metal oxides, reduction is achieved by hydrogen 
liberated from the hydride. It is also possible to produce alloy powders from mixtures 
of hydrides und oxides. The reduction of oxides or chlorides with metals such as 
maghesium or aluminum has gained considerable importance, titanium powder being 
produced in large quantities by reduction of its tetrachloride with magnesium. Re- 
duction of dissolved salts is used only occasionally, as for the precipitation of platinum 
anc palladium powders. 

Electrolysis. High-purity powders of iron, copper, and niekel are produced by 
electrolysis of aqueous salt solutions. According to the conditions of electrolysis, 
the metal is deposited either directly in the form of a powder or sponge, or in the form 
of a brittle deposit, which ean readily be removed from the cathode and mechanically 
comminuted. Figure 2 shows typiral particles of electrolytic iron powders, See 
Ivon, Vol. 8, p. 48. Vleetrolysis of fused salt is employed for the deposition of tan- 
talum powder from the fluoride KzTaFy. 

Atomization. In this method, a stream of liquid metal is disintegrated cither by 
jets of high-pressure gases or by centrifugul forces (directing the metal stream aguinst a 
rapidly rotating surface). The metal stream is obtained by forcing the liquid metal 
through nozzles, and the sudden expansion after passing the orifice of the nozzle is 
essential for the required cooling of the metal. In the gas-jet process, the additional 
cooling by the cold gas is sufficient to insure solidification immediately after disinte- 
eration. In the centrifugal method the metal is poured on rapidly rotating surfaces, 
and watcr under pressure is used for cooling. The atomizing methods have in the 
past been used mostly for the production of powders of low-melting metals, such as 
aluminnm and magnesium, which were used mainly in paints and pyroteelnic appli- 
cations. This limited use was due to the unavailability of suitable nozzle materials 
for higher-melting metals. Recent developments in high-temperature materials 
have supplied nozzles adequate for higher melting metals, and a wider application of 
atomization processes can be expected. The atomization process is very couvenieut 
for mass production and permits wide variations in such powder characteristics as 
partiele size aud shape. Of special significance for future development is the poussi~ 
bility of atomizing metal alloys and thus producing fully alloyed powders. Other 
methods of producing alloy powders are rather cumbersome, and usually require long 
diffusion treatments to insure complete alloying. 

Mechanical Comminution of Solid Metals (see Size reduction). Relatively coarse 
powders can be produeed by machining; this process is, however, expensive, und is 
applied only in special cases, us for dental alloys, where the absence of fine particles 
is essential, Comminution of solid metals, particularly scrap or foils, can be performed 
with standard crushers or mills, either dry or in the presence of liquids which do not 
react with the material tu be ground. Metals which are readily oxidized, and particu- 
larly metals which in powder form are pyrophoric, require milling in protective at- 
mospheres such as argon. Brittle metals are readily milled, and ductile metals can 
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in some instances be embrittled by special treatments, for example, iron-nickel alloys 
by addition of sulfur. Without such embrittlement, ductile metals are obtained in the 
form of flakes and require addition of greases and the like to preveut agglomeration 
during milling. These greases interfere with sintering and their removal is expensive. 

Ball-milling, particularly of hard materials, has the disadvantage of rather rapid 
wear of the mill and in particular of the halls, leading to contamination of the powder 
with the mill material. This contamination can to a large extent be prevented by 
using mills lined with wear-resistant materials such as tungsten carbide and by using 
similarly wear-resistant balls, Contamination is also eliminated by milling in an 
eddy mill, in which disintegration is achieved by impact of the particlesupon each other. 
The same principle is utilized in the Micronizer, which is a jet pulverizer. Milling 
is @ common operation in powder metallurgy, but is most frequently used for the final 
disintegration of powders produced by other means. Where mixtures of different 
powders are used, compaction is preceded by a blending operation, which frequently 
results in a final decrease of the particle size of the powder. 

Other methods include the carbonyl process, the condensation Process, and the 
intergranular corrosion method. 

In the carbonyl process, metal carbonyls (q.v.) are first synthesized by reaction of 
carbon monoxide with the metal; and by varying pressure and temperature, the car- 
bonyls are then decomposed. When contact with hot surfaces is avoided, spherical 
particles of high purity can be produced. This method is employed for the production 
of iron, nickel, and iron-nickel alloy powders for magnetic applications. See fron 
carbonyls, Vol. 8, p. 58. The condensation process represents a modification of the 
distillation process employed for the purification of zine (q.v.). This method is used for 
the production of zinc powder, and is also applicable for magnesium, cadmium, and. 
lead powders. 

Intergranular corrosion is employed for the production of stainless-steel and other 
alloy powders. It consists in exposing the metal to treatments which attack the grain 
boundary material and thus effect a disintegration into the individual grains. The 
method utilizes a sensitizing heat treatment (producing carbide deposits in the grain. 
boundaries) followect by digestion in a corrosive solution. Scrap can be used as raw 
material. Other methods, such as decomposition of alloys and solidification of molten 
metals by pouring into liquids (shotting), are of minor importance. 


CONDITIONING OF POWDERS 


As a rule, manufacturers of sintered parts do not produce metal powders but 
rather use commercially available powders. The reason for this is that powder pro- 
duction becomes economical only when performed on a rather large scale. Since no 
one type of a metal powder is best suited for all sintered parts, each manufacturer has 
to use a variety of powders, and the amount required of any particular type is in gen- 
eral not large enough to render its production economical. 

Only in exceptional cases are powders directly compacted in the state in which 
they are received from the powder manufacturer. Many powders, even when shipped 
and stored in airtight containers, tend to oxidize and absorb moisture, making if neces- 
sary to subject the powders to a reducing heat treatment, for example, in hydrogen, 
immediately before compaction. In some factories producing sintered iron and steel, 
the annealing in hydrogen is the first step of the standard procedure, that is, the powder 
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is annealed even when Iree of surface oxides. This makes the procedure to a large 
extent independent of variations in the powder supply. 

The powder us received may have an apparent density too low for satisfactory 
performance, Such low density would, for example, require compacting dies of ex- 
cessive height. The apparent density ean be increased by prolonged ball-milling. 
This mechanical treatment may result ii work-hardeuing, and since this would re- 
duce the compactibility of the powder, densification by milling necessitates a subse- 
quent softening by heat trentment (annealing). Softening by annealing is frequently 
also required after blending (mixing) operations involving work-hardening. Blending 
prior to compacting is practically a standard operation. It is obvious that blending is 
involved when alloys or composite materials are produced from mixtures of different: 
metal powders or mixtures of metal and nonmetal powders. But even in mono- 
metallic systems, 4 mixing operation is usually mindatory. Tor any specific appli- 
cation, a certain partiele size distribution of the powder yields the most favorable 
results; and frequently the size distribution of commercial powders must be modified 
prior to compaction. This modification may simply consist in the removal of either 
oversize or undersize particles, which is readily accomplished by sieving or by elutria- 
tion (fractionation on the basis of differences in the velocity of fall against a rising 
stream of either gas ov liquid). Iu some cases the most favorable size distribution is 
obtained by mixing different commercial powders, while in others it is necessary to 
fractionate commercial powders into different size ranges, and to compound the final 
powder by mixing certain size fractions in definite proportions. This blending may 
require mixing or ball-milling for several days, 

Compacting must, in general, be facilitated by additions of small amounts of 
lubricants, such as graphite, stearic acid, or metal soaps. To insure uniform distri- 
bution, organic lubricants are usually added in the form of solutions. When porous 
parts are to be produced, valatile auxiliary agents such as carbonates are sometimes 
added. For compaction by extrusion methods, the addition of plasticizers, for ex- 
ample, gums or syuthetic polymers, is required. Thus, a mixing operation is usually 
involved also when the size distribution of commercial powders corresponds to the 
requirements, tn some instances, the mixing time reyuired for uniform blending is 
so long that the accompanying comminution of the powders produces a particle size 
smaller than desired. In the production of eementerl carbides, the carbide and cobalt 
powders are, in general, mixed in ball mills for periods of several days. After this 
operation, the particle size is frequently too small for satisfactory compaction, es- 
pecially if this operation is performed in automatic presses. In these cases, the mixed 
powder is gramulated by adding small proportions of substances such 2s paraffin wax, 
pressing, and crumbling the resulting cake to the most favorable particle size. It is 
important that the powder be processed as soon as possible after the final mixing opera~ 
tion since otherwise segregation may be encountered, particularly when the components 
of the mixture exhibit marked differences in specific gravity. 


COMPACTION 


The purpose of the compaction process is the shaping of powders to coherent bodies 
which have sufficient strength to permit handling and particularly safe transfer to the 
sintering furnace, and exhibit a uniform density and other characteristics essential 
for satisfactory sintering. The strength of a pressed but unsintered compact is termed 
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“green strength.” The powders are compacted either lo approximately the final 
shape or to ingots in the form of bars, rods, or blocks. 

In the production of finished parts, which require na or only minor machining 
operations, the dimensional changes, usually shrinkage, which occur during sintering, 
must be taken into account. Tn seme instances, where (he shape of the part prevents 
the achievement of a uniform density by a single pressing operation, the powder may 
he pressed to a different shape and brought ta the final form by a seeond pressing 
operation (lermed “coining” or “sizing’) subsequently to sintering, igure 3 shows 
a pole piece, which was mass-produced from pure iron powders duriig World) War [1. 
It would have been impossible to insure uniform powder distribution aud therefore 
uniform density, with a single pressing operation. Therefore, « preform, as shown im 
Figure 4, was produced in the compaction process, snd after sintering this preform 
was re-pressed to the final shape. 

High-melting metals such as molybdenum and tungsten are pressed to bars and 
rods which, after sintering, are cither drawn to wire or rolled {o sheet. Complicated 





Fig. 3. Sintered pole piece for field tele- Fig. 4, Preform for sintered pole pfece. 
phones. 


parts which cannot he directly shaped by pressing are ocrasionally compacted to 
blocks which are machined after a presintering operation at comparatively low 
temperatures. The presintering strengthens the compacts to permit machining, 
which would be impossible with the “green” Qmusintered) matertal, This method 
is employed, for example, for cemented carbides, which in the fully sinterad state are 
too hard for complex machining operations. 

The mechanism of the processes taking place during compaction is not fully 
understood. The moving of particles into voids, interlocking of irregularly shaped 
particles, as well as plastic deformation contribute largely to the densification taking 
place. In addition, however, the interaction of atomic forces must also be considered. 
Bonding between adjacent particles (the formation of point bonds, see p. 46) may 
start durmg compaction, and will be the more prononneed the higher the temperature. 
As a matter of fact, in the so-called hot-pressing and pressure-sintering procedures, 
which combine pressing and sintering in a single operatiou, complete bonding is 
achieved under pressure, It must be considered that, for relatively low-melting metals 
pressing at room temperature will have effects comparable to those observed with 
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higher-melting metals at elevated temperatures. The bonding (cold-welding) be- 
tween metal particles taking place during pressing at room temperature will thus be 
the more pronounced the lower the melting point of the metal. On the other hand, 
pressure application leads to marked work-hardening, and this effect will be the more 
pronounced the higher the melting point. The effects of surface conditions of the 
powder particles are pronounced. Absorbed gases and particularly oxide films will 
interfere with bonding. Such films can, however, be pierced by the pressure applied 
during compaction. The mechanism of compaction has been discussed in ah article by 
Seeliz, 1 which a bibliography is included (8). 

Since hot-pressing can be regarded as a sintering operation taking place under 
pressure, the following discussion will be limited to the consideration of pressing opera- 
tions performed at room temperature, and hot-pressing will be considered in connec- 
tion with other sintering operations (see p. 55). 

The presses used for compacting powders are either of the mechanical or hy- 
dranlic type, or combine both principles. (See Hydraulic systems.) Standard press 
designs are frequently modified to provide for high production speed and to permit 
compaction from tio sides and, if required, by multiple punches working independently 
of each other. The pressures used range from about 5 to more than 100 tons/sq.in. 
Mechanical presses are in general preferred for low pressures. Small parts can be 
compacted with rotary-type tablet machines at a speed of more than 500 pieces per 
minute. With these presses the powder is filled into the die cavities by means of 
automatic feeders, Larger presses work considerably more slowly, and this is often 
advantageous since it provides more time for the deformation of the powder particles 
under pressure as well as for escape of gases. ‘These large presses, mostly hydraulhe, 
are usually not provided with automatic feeder equipment since feeding by hand is 
more convenient. 

The dies are usually made of hardened stecl, which must have a high polish aid 
may, for use with abrasive powders, be hard-faced or lined with carbides. In some 
cases, the entire die consists of cemented carbide. A lower punch forms the bottom 
of the die cavity, and an upper punch forms the top and transfers the pressure to the 
powdler enclosed in the die cavity. The height of the cavity is determined by the so- 
called compression ratio of the powder, that is, the ratio of the apparent densities of the 
pressed compact and of the loose powder, respectively. In practice, the compression 
ratio is of the order of 8:1. Higher compression ratios are not; favored since the re- 
quired height of the die would increase internal powder friction as well as die-wall 
friction. Internal friction is decreased by addition of lubricants to the powder, 
and die-wall friction is decreased by application of hubricants to the die wall. The 
effects of friction are, however, considerable even with lubrication. Because of this 
friction the density of the compact decreases almost linearly with inerédsing distance 
from the moving punch. Since such density variations may prevent satisfactory 
sintering, it is often necessary to compact powders by applying pressure simultaneously 
from two sides, that is, by the lower as well as the upper punches. 

Uniform powder distribution is difficult to achieve with parts which exhibit 
considerable thickness differences in the direction of pressing. Her e, it is necessary 
to use multiple punches, that is, punches which are composed of segments moving 
independently of each other, ‘The fact that lateral flow in the powder is practically 
impossible limits considerably the design of dies and lateral movement of punches has 
not proved satisfactory. Abrupt thickness changes, uneven cross sections, and 
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sharp corners are some of the design characteristics which should be avoided. Parts 
such as hollow eylinders can, however, readily be produced with the aid of cores. 

The compacted part is in most instances ejected from the die cavity by an upward 
movement of the lower punch. Where the shape of the part prevents this method 
of ejection, seement dies must be used and disassembled after cach pressing opera- 
tion. The clearance between die walls and moving puuches is critical and normally 
ranges from about 0.0005 to 0.001 in. Higher clearance would squeeze out fine powder 
particles, while smaller clearance would prevent the escape of air and eould result. in 
blocking of the punch movement. Rather close tolerances can readily be met in powder 
metallurgy, since the shrinkage taking place during sintering can be controlled. It is 
possible to obtain raclial tolerances of +0.0005 m. and axial tolerances of + 0.005 in, 

Extrusion methods for the compaction of rods and other shapes of uniform eross 
section are used. These procedures require the addition of organic binders (starch, 
gums, or resins) to the powder, and these materials must be volatilized or decomposed 
at comparatively low temperatures prior to the sintering process. Compaction by 
centrifugal forces is possible but has not found significant practical application. Hyddra- 
statte pressing has recently gained considerable practical importance, In this methorl, 
the powdler is enclosed in a rubber container and is exposed ta pressure from all sides 
while immersed in water or auother liquid. This method permits only the production 
of simple shapes such as cylinders. However, for materials, with which one- or two- 
sided pressure application results in Jaminations, this appears the only possible 
method. It is, for example, used for the processing of special hard metals designed for 
high-temperature applications. The liydrostatically pressed compacts are presintered, 
machined to the required shape, and then sintered. 


SINTERING 


Metal powder compacts are sintered by heating to temperatures of at least two- 
thirds of the absolute melting temperature (°Ix.). With some metals, considerably 
higher temperatures are employed; for example, the refractory metals tantalum, 
molybdenum, aud tungsten are sintered at a temperature very close to the melting 
point. 

In homogeneous systems, as well as in mixtures of metals with nonmetals, sinter- 
ing is performed in the absence of a liquid phase. In mixtures of different metals, 
sintering may be performed either in the absence or in the presence of a liquid phase. 
Liquid-phase sintering—sintering cither at a temperature below the melting point of 
the higher-melting but above the melting point of the lower-melting components, or 
below the melting points of all pure components but above that of eutectics formed 
during sintering—is favorable for densification and bonding, and thus has advantages 
in the production of nonporous materials. The infiltration method may be considered 
as a modification of liquid-phase sintering. This procedure consists in first producing 
a porous skeleton of the higher-melting component, which subsequently is impregnated 
with the lower-melting component at a temperature above its melting point but well 
below that of the skeleton material. 

Satisfactory sintering depends on close control of the sintering atmosphere as 
well as of the heating cycle, that is, rate of heating, maximum temperature, time at 
maximum temperature, and rate of cooling. In general, sintering for a short time at a 
higher temperature is equivalent to longer sintering at a lower temperature. High 
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sintering temperatures are usually more economical, since they permit increased pro- 
duction rates. However, lower temperatures with correspondingly longer heating 
times permit a closer control of the dimensional changes which take place curing sinter- 
ing. Shrinkage of the order of a few per cent can be readily contyolled provided the 
compact has a sufficiently uniform density. Excessive differences in density lead to 
nowmiform shrinkage (warpage). Occasionally, compacts grow during sintering, 
and this effect is attributed to the evolution of gases which are unable to escape prior 
to sintering. These gases may be either dissolved, absorbed, entrapped, or formed 
during sintering by chemical reactions. Stace such growth is difficult to control, it 
should be avoided, either by maintaining a slow rate of temperature increase or by 
keeping the compact for some (ime at an iitermediate temperature. Tf growth is 
eliminated, density, tensile strength, and elongation usually inerease with sintering 
time as well as sintering temperature. In the case of metals which are susceptible to 
plastic deformation, the hardness of compacts, particularly of those compacted at 
higher pressures, shows at first a marked decrease with increasing temperature, followed 
by a comparatively slow increase, The decrease in hardness is due to the recovery 
from cold work, while the increase after recovery corresponds to the density increase. 

Gas-heated as well as electrically heated furnaces of different types are used for 
sitittering (see furnaces). Alloys such as Ni-Cr or Fe-Cr-Al can be used as resistors up 
to approximately 1050°C., silicon carbide (Globar) resistors up to about 1850°C.,, 
and molybdenum up to 1600°C. Molybdenum cannot be used in oxidizing atmos- 
pheres without protection. For temperatures up to 1700°C., oxidation-resistant 
molybdenum silicide resistors have recently been introduced. For temperatures 
above 1700°C., either graphite-tube short-cireuiting furnaces or high-frequeucy in- 
duction heating is employed. Direct passage of the eurrent through the compact 
permits the attainment of temperatures higher than 3000°C. (for example with tung- 
sten}. Batch-type (crucible, bell, box, and tube} furnaces or continuous furnaces 
are used. In continuous furnaces, the charge can be moved automatically, for in- 
stance by a couveyor belt. Since heating cycles frequently involve long heating times, 
and cooling must be completed in the furnace atmosphere, furnaces for continous 
operation frequently have considerable length, Tor instance, fumaces having » hent- 
ing chamber 10 {¢. long and a cooling ehamber 30 ft. long are not uneommon. 

Control of the furnace atmosphere is essential. Sintering is performed either in 
neutral Gnert) or reducing atmospheres or ina vacuum. Nitrogen, argon, and helium 
are examples of neutral atmospheres. Carbon monoxide, hydrogen, dissociated am- 
monia, natural gas, coke-oven gas, and partially burnt hydrocarbons are examples of 
reducing atmospheres. Some of these gases also have a carburizing effect. The hydrides 
of refractory metals such as titanium and zirconium are used frequently instead of the 
free metals; these hydrides are decomposed in the sintering furnace and the hydrogen 
formed by their decomposition provides a highly reducing atmosphere. A vacuum is 
equivalent to a nentral atmosphere, and has the advantage of providing for removal 
of gases. In some instances, where the oxide has a higher vapor pressure than the 
metal, oxides are eliminated by vacuum sintering. In the production of steel, the 
control of the carbon content is essential, and since reducing atmospheres have a 
decarburizing effect, substanees such as hydrocarbons are added in order to provide 
for carburization, Since moisture has an oxidizing effect, the atmospheres are, as 4 
rule, very carefully dried, There are exceptions, however, and with some metals 
(for example molybdenum) traces of moisture promote sintering. 
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HOT PRESSING 

Hoé pressing, which may also be termed. pressure-sintering, is advantageous par- 
ticwarly with powder materials which exhibit a marked increase of plasticity with 
temperature. The hot-pressing procedure permits the production of clense cumpacts 
without excessive sintering temperatures and fimex, Most hot-pressed mutterials 
exhibit small grain size and high hardness and strength. As a rule hot-pressed parts 
require subsequent sintering treatment, and production rates are low. Usually, the 
use of a protective atmosphere is mandatory in erder to prevent oxidation of the hot 
compact. Different. hot-pressing procedures are in practical use: the whole dic is 
heated in a resistance or high-frequency furnace; electric curreut is passed directly 
through the punches of the press and the powder; or the powder is compacted in graph- 
ite dies and electric eurrent is passed through these dies. All these proredures re- 
quure special equipment. Tf such special equipment is not available, it is possible to 
mike use of the advantages of hot pressing by heating prepressed rompacts or pre- 
sintered loose powder cakes, and then compressing them while still hot. 

The pressures used im hot, pressing are euerally low, of the order of a few tons per 
square inch. The temperatures are likewise generally lower than in the ense of sin- 
tering of cold-pressed compacts. Special steels are suitable as die materials up to 
about 800°C. Above 800°C. graphite may be usecl np to pressures of about. 225 ts... 
while for higher pressures materials such as cemented carbides must: be employed. 

Material compacted at elevated temperatures tends tu weld to the dice-wall. To 
order to minimize this effect, die-wwall lubricants such as mica are used. However, 
sticking of the compact to the die wall frequently makes automatic ejection impossible, 
and necessitates the use of segmented dies. The must important applications of hot 
pressing at present are the produetion of large cemented carbide parts and friction 
materials. Tn spite of definite advantages, there are at present no other industrial 
applications of commercial importance, This is due mainly tu the fact that fully 
automatic hot-pressing equipment is not available. In laboratory auc development 
work, hol-pressing techniques are gaining in imporiance im the preparation of new 
high-temperature materials, and if these developments mature to the production stage, 
hot-pressing techuiques may very well reach widespread technical application. 





REPETITION OF TREATMENTS 

The strength of parts produced by powder metallurgy is a funetion of the density. 
On account of notch effects, porosity can markedly reduce strength as well as ductility 
as compared to corresponding cast and wrought materials. Tor many applications, 
this defect is not prohibitive. However, where mechanical properties equivalent to 
those of cast and wrought materials are required, the porosity must be reduced. This 
can be effected by repetitions of the compacting-sintering eycle. Although expensive, 
this technigne is frequently employed with materials which are smtered m the absence 
of aliquid phase. Liquid-phase sintering usually produces sufficiently dense parts in a 
single sintering operation. The infiltration technique (p. 53) is the most eronomical 
method of producing practically pore-free materials. 

In procedures involving only one sintering operation, this step frequently is 
followed by a re-pressing (sizing or coining) operation. The purpose of this re-pressing 
is either densification or final correction of the required dimensions. Re-pressing at 
room temperature may result in work hardening and this may necessitate a softening 
heat treatment. In such cases, the processing cycle will involve two compacting 
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and two heat-treatment operations; the temperature of the last heat treatment how- 
ever, is lower than the sintering temperature. In some cases, for example sintering of 
steel, the second sintering may he carried out advantageously at higher temperatures 
than the first. Sintered parts can be surface-hardened by such treatments as car- 
burizing, nitriding, or cyaniding. Precipitation hardening is also possible. These 
treatments may involve distortion of sintered parts and make subsequent coining 
(re-pressing) necessary. Surface-cleaning operations, such as tumbling or sand 
blasting, can be applied to sintered parts. (See Afetal surface treatment.) Coating, 
for instance clectroplating, is possible but requires special techniques with porous 
parts, such as plating of the compacts prior to sintering, or impregnation with silicones. 
Porous parts can be infiltrated with liquids; in the manufacture of self-lubricating 
bearings, porous bronze or iron parts are impregnated with oil. 


Products | 
REFRACTORY METALS 

Duetile tungsten is, up to the present, produced according to the techniques 
developed at the beginning of the 20th century by Coolidge. Tungsten powder is 
obtained by the hydrogen reduction of powdered WO; The powder is compacted, 
at pressures of the order of 25 t.s.i., to rectangular bars having cross sections ranging 
from 4¢ * 14 in. tol & 2 in., and lengths from about 8 to 30 in. Since the green 
compacts are too fragile to permit handling, they are first strengthened by presintering 
in hydrogen at about 1000-1200°C., usually in conveyor-type furnaces. The pre- . 
‘sintered bars (density 10-18 g./cu.cm.) are sintered in hydrogen by direct passage of 
current, in special bell-type furnaces, which permit the sintering of a number of bars 
at the same time. Sintering temperatures exceed 3000°C., and sintering times range 
from 10 to 45 min, 

Sintered bars (density 16.5-18 g./cu.cm.) are brittle at room temperature, but 
can be hot-worked, and this treatment renders the material ductile at this temperature. 
The bars are first hot-swaged in special machines which expose the material to up to 
16,000 hammer blows per minute. Swaging is frequently interrupted by reheating, 
the swaging temperatures gradually decreasing from about 1400 to about 800-550°C. 
Swaged bars (density about 18.5 g./cu.cm.) are drawn to wire and coiled. Wire 
drawing like swaging, is performed in steps, the drawing temperatures gradually 
decreasing from about 800 to 400°C. Hard metal dies are satisfactory for the first 
passes, but diamond cles are nceessary for the final reductions. ‘Drawn tungsten Is 
practically fully dense (density 19.38 g./cu.em.). Tungsten sheet is produced by first 
forging and then rolling the sintered bars. The procedure is analogous to the swaging- 
drawing sequence in the production of wire. ‘he forging temperatures are, however, 
markedly higher than swaging temperatures, starting at about 1800°C. 

The tensile strength of sintered tungsten bars, about 16,000 p.s.i., increases for 
swaged bars to about 100,000 p.s.i., and fine wire has tensile-strength valucs close to 
700,000 p.s.i. The high tensile strength of hard-drawn wire, which is accompanied 
by elongation values in the order of 4%, is a consequence of the fiber structure of the 
drawn metal. It should be noted that the tensile properties are measured in the fiber 
direction. Annealed wire, that is, wire which has been recrystallized by heat treatment, 
has an equiaxed grain structure, and the loss of fiber structure results in a decrease of the 


tensile strength to about 150,000 p.s.i. and a complete loss of ductility at room tempera- 
ture. — _ 
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Recrystallization takes place during service, for example in filaments used in 
incandescent lamps. Since this application does not require murked mechanical 
strength, recrystallization (that is, the formation of small cquiaxed grains and the 
accompanying loss in strength and ductility) is not harmful. However, upon con- 
tinued heating, recrystallization is followed by grain growth, and this may lead to 
serious difficulties. When grain growth proceeds until the boundaries hetween indi- 
vidual grains occupy the full eross section of the wire, very small stresses ean produce 
a gliding in the boundaries which locally reduces the effective cross section of the wire. 
This so-called sagging leads to overheating and failure of the wire. Tt is, therefore, 
necessary to prevent this form of grain growth, and two different methods are in prac~ 
tical use for the production of nonsag wire. The first method consists in adding small 
amounts (usually less than 1%) of finely dispersed thoria. This uxide is stable and 
neither reacts with tungsten nor agglomerates to larger particles at service tempera- 
tures. In the finished wire, the oxide is strategically distributed at the grain bounda- 
ries of the metal, and markedly retards alomiec movements and thus restricts grain 
growth. Thoriated tungsten thus retains a fine-grained structure even after prolonged 
heating, which in untreated wire would produce pronounced grain growth. A second 
widely employed method consists in adding mixtures of volatile alkali compounds 
together with stable oxides. These additions eontrel but do not restrict grain growth, 
so that the resulting structure is characterized by overlappitig large grains which are 
elongated in the direction of the wire axis so that boundaries oceupying the entire 
cross section of the wire are abseut. See Tungslen. 

Tn principle, the methods developed for the production of ductile molybdenum, 
tantalum, and niobium are analogous to those described for tungsten. Molybdenum 
powder, like tungsten powder, is obtained by reduction of the oxide. Sintering, 
swaging and drawing, and rolling temperatures are, corresponding to the lower melt- 
ing point of molybdenum, markedly lower than in the case of tungsten. See MJolyb- 
denum and molybdenum alloys, Vol. 9, p. 191. 

Tantalum powder is obtained either by reduction of the oxide or by fused-salt 
electrolysis of K:TaF;. Tantalum tends to absorb gases and thereby embrittle and 
must therefore be sintered in a high vacuum. The sintering temperature of 2600- 
2700°C. is, as in the case of tungsten and molybdenum, reached by passing electric 
current directly through the pressed bars. In general, the particle size of tantalum 
powder is markedly coarser than that of the most favorable tungsten and molybdenum 
powders, Asa consequence of this difference, the shrinkage occurring during sintering 
is much smaller than with tungsten and molybdenum, resulting i a comparatively low 
density for sintered tantalum bars. The sintered bars are therefore subjected to 
heavy hammer blows and resintered im order to produce a density suitable for proc- 
essing by swaging and drawing, or forging and rolling. The most significant differ- 
ence in the mechanical properties of tantalum, as compared with tungsten and molyb- 
denum, is the fact that recrystallization fails to embrittle the metal, See Tantalum 
and tantalum alloys. 

Niobium (columbium) powder is obtained by fused-salt electrolysis of the fluoride 
K,NbOF;.H.O. As in the case of tantalum, niobium readily absorbs gases and must 
therefore be sintered ina high vacuum, Corresponding to the differences in the melt- 
ing points, the sintering temperature required for niobium is considerably lower than 
in the case of tantalum. Like tantalum, niobium remains ductile in the recrystallized 
slate. See Columbium. 
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COMPOSITE MATERIALS 

Metal-Metal Combinations, Composite contact and welding clectrode ma- 
terials, such as W-Ag, W-Cu, Mo-Ag, and Mo-Cu compositions, combine the favorable 
characteristies of their components, and thus exhibit high wear and. arcing resistance 
and resistance to welding and material transport with low contact resistance and good 
electrical- and thermal-conductivity performance. They are widely used in heavy- 
duty switch-gear equipment, circuit breakers, and similar applications, and have a 
considerably longer life than copper contacts. Tn general, composite contact materials 
are manufactured in the form of tips which are brazed to copper or bronze backings. 

Two production methods are in practical use. The first consists in sintering a 
skeleton of the high-melting component and subsequently infiltrating the porous 
skeleton with molten silver or copper. Special tiltahle furnaces have been developed 
for this infiltration process. As a rule, rather coarse tungsten and molybdenum 
powders are used to obtain skeletaus of the required porosity. Sinteriug as well as 
infiltration is performed in hydrogen, 





Fig. 5, “Microstructure of 60%, ‘Mo- 40%, Ag Fig. 6. Microstructure of 82% W-18% Cu 
composite contact material (x 200). composite contact maicrial (x 200}. 


The second method consists in pressing powder mixtures at about 40-80 t.s.1., 
and sintering the compacts in hydrogen. Sintering temperatures below us well as 
above the melting points of the lower-melting components are in use. 

The compositions vary within wide limits according to the properties required 
in the finished product. For example, commercial W-Ag compositions may contain 
from 10 to 70% silver. A material consisting of 90% tungsten and 10% silver has a 
density of 17.5 g./cu.em., a Brinell hardness of about 240, a transverse rupture strength 
of about 190,000 p.si., and an electrical conductivity of up to 40% 1.A.C.8. (Inter- 
national Annealed Copper Standard). A 30% W-70% Ag composition has a density 
of 12.0 g./eu.em., a Brinell hardness of about 60, and a transverse rupture strength 
of about 60,000 p.s.i., while the electrical conductivity is increased to 89% LA.C.S. 

The microstructure of typical composite contact materials ig shown in Figures 
5and6. In Figure 5, the dark phase is molybdenum; in Figure 6 it is copper. 

For special purposes, particularly for high-current applications, W-Ni-Cu con- 
tacts, for example, 90% W-7.5% Ni-2.5% Cu compositions, are aclvantageous. 
Composite W-Ni-Cu materials have found other important applications. By varying 
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the composition, it is possible to produce W-Ni-Cu materials having any desired density 
between that: of tungsten (19.3 g./cu.em.) and, fur example, that of lead (114 g.eu.em.). 
Under the names “heavy metals’ or “heavy alloys,” W-Ni-Cu materials are used, 
for example, as containers for radioactive substances or as sereens for x-rays and other 
‘acliations, and also as balance weights. 

Meital-Nonmetal Combinations. Afcial-Graphite Contact Materials. Copper- 
graphite and bronze-graphite brushes have a higher cwrent-carrving eapacity then all- 
carbon materials, and are essential for high-current low-voltage applications. The 
composites are produced by mixing fine copper or bronze powders with 5-70, graphite 
powder, In the case of high graphite contents, a binder such as tur must be added 
to secure satisfuetory coherence of the sintered product. The powder mixtures are 
compacted ane sintered at 750-900°C. With bronze, sintering takes place in the 
presence of a liquid phase. Silver-yraphite materius have been found superior in 
vertain applications but are rarely used because of their cost. The current-carrving 
capacity of high-metal products ranges from 450 to 500 amp./sq.in., and that of high- 
graphite products from 124 to 240, as compared with 34-30 amp.’sq.in. for al-earhon 
muterials. 

Metal-Graphite Bearing Materials. Nonporous bearings containing graphite are 
produced for operation at low temperatures. fn these meverials, the formation of a 
continous graphite film during serviee provides lubrication, Copper-graphite bear- 
ings are produced by mixing the very fine metal powders with about 5, of fine graph- 
ite powder, cold-pressing the mixture at about 2) tai, sintering at TO0-800°C,, 
wid finally hot-pressing at the same temperature. See Bearing metals. 

Friction Materials. Friction parts produced by powder metallurgy have re- 
placed bonded asbestos materials in applications requiring particularly bigh resistance 
to wear as well as good thermal conductivity. The materials are eomposed of a 
metallie matrix in which finely divided nonmetallic frietion-producing components 
such as silica or emery are embedded in amounts from 2 te 77%. The metallic matrix 
may consist of (60-75% copper, 5-LO% iron, 46-15% lead, auc 5-106 tin or zine. 
Tin and zine form low-melting alloys with copper, and promote bonding during sinter- 
ing by the formation of a liquid phase. Tron particles increase frietion and prevent 
seizing, The function of lead is to act as Inbricant during compaction, and graphite, 
in amounts up to 10%, is added for the same purpose. See Brake linings, 

Diamond Tools. The mechanicul stability of tool materials composed of a hard 
metal (cemented carbide) matrix and embedded diamond particles is due to the 
nearly equal thermal expansion coeffivient of diamond and the cemented carbide 
base. An cxample of asuitable matrix material is tungsten carbide with 25-50% cobalt 
or Iiekel as binder. Tools consisting of diamonds embedded in iron-bage, copper- 
base, or tungsten-base alloys are likewise produced by powder metallurgy; however, 
their wear resistance is iiferior to that of carbide-mnatrix materials. Sec Abrasives. 





HARD METALS 
The term “hard metals” is used for a number of carbides, nitrides, borides, aud 
silicides of the transition metals of Groups IV-VI of the periodic table having high 
melting points and high hardness values. Although, on the basis of chemical com- 
position, these substances should be considered chemical compounds, they have not. 
only metallic appearance but. also clectrieal- aud thermal-eonductivity characteristics 
indicating metallic bonding. The carbides are of major industrial importance as fool 
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thaterials and as materials for wear-resistant parts. See Carbides (heavy-metal). Sinve 
carbide bodies of satisfactory cohesion and strength generally require the presence of 
binder metals, such as cobult or nickel which exhibit only a minor extent of alloying 
with carbides, the technical products (‘cemented carbides’) are heterogeneous and 
could be classified ag composite materials, In view of the high melting points and 
the metallic character, classification as refractory metals would be justified as well. 
Recently carbides, as well as borides and silicides, have shown promise as high-tempera- 
ture materials. 


POROUS PRODUCTS 

‘The problem in producing porous parts is to preserve the pore volume as well as 
the connections between the pores and at the same time to insure effective bonding 
at the existing interparticle contact areas. This requires close control of factors such 
as particle size distribution and compacting and sintering conditions. Occasionally, 
volatile substances, such ay carbonates, are added to the powder mixture in order to 
increase porosity. Self-lubricating porous bronze and iron bearings and bushings are 
among the commercially most important products of powder metallurgy. These 
materials are produced with a pore volume of 10-40%. The sintered porous metal is 
impregnated with oil which, during operation, is forced out by centrifugal forces as 
well as by heat of friction to form a lubricating film. Capillary forces pull the oil back 
into the pores when the shaft stops rotating and the bearing cools. Typical produc- 
tion conditions for porous bronze bearings are: compacting at 15 t.s.i., presintering 
at 400°C., and final sintering at 800°C. See Bearing metals. 

Other porous products include filters and diaphragms. Corrosion-resistant 
filters for the chemical industry, such as nickel or stainless-steel filters, are frequently 
sintered without previous compaction, that is, in the form of layers of the loose powder. 
Sintered metal diaphragms permitting a close control of diffusion rates are used in 
precision instruments. A small porous nickel cup constituted the basic part of the 
safety device used duriug World War IT in the proximity fuse. Distributors for air- 
eraft de-icing equipment and power-plant components for “sweat cooling’? (cooling 
by forcing a liquid through the pores in the direction opposite to that of the heat flow) 
are among more recent applications of porous metals. Sintered-iron shell driving 
bands were used in Germany during World War II as a substitute for copper bands. 
The total German production amounted to about 100,000 metric tons. Although 
originally the sintered iron bands were a typical ersatz product, it was subsequently 
claimed that they were superior in many respects to standard copper bands, and par- 
ticularly increased the life of the gun barrels. 


STRUCTURAL PARTS 


‘ommercial production of structural parts, mainly iron and steel, has reached a 
considerable volume since 1942. Small sintered parts for automobiles, airplanes, 
arms, bicycles, sewing machines, and the like are being produced in very large quanti- 
ties. The fact. that sintered parts are, as a rule, inferior in strength to cdrresponding 
cast and wrought parts is due to the presence of residual pores in most commercial 
products. In principle, it is possible to eliminate all residual pores, but this requires 
techniques such as a munber of repetitions of the compacting-sintering eycle and hot 
pressing or hot re-pressing (hot coining). These procedures are expensive and the cost 
of their application would be prohibitive in most cases, In Figure 7, which shows the 
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microstructure of sintered steel the residual pores are clearly evident. The steel 
vas prepared from a mixture of electrolytic iron powder and 0.65% graphite. The 
final product contained 0.27% carbon and had a porosity of 99% by velume. 

Special problems are involverl in the production of steel parts. he required 
sarbon can be introduced by adding graphite to the iron powder. Sometimes, how- 
ever, it is preferred to mix pure iron powder with high-carbon east-iron powder ty 
arrive, in the final produet, at a composition corresponding to that of steel This 
procedure has the advantage that the powders (o be mixed lnwe approximately the same 
specific gravity. On the other hand, the use of mixtures of iron and graphite powders 
has advantages since, during compaction, graphite exerts a lubricating effert. Aceord- 
ing te Stern (10), electrolytic iron powder is preferable to other iron powders in the 
production of sintered stecl So far as stutering is concerned, it must be taken into 
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Fig. 7. Microstructure of sintered steel Fig. 8. Microstructure of sintered 18 -8 stain- 
(200). less steel (200). 


account that reducing atmospheres such as hydrogen have a decarburizing effect. 
Therefore, in the production of sintered steel parts, either more carbon must be added 
than required in the final product, or the reducing atmosphere must contain carburizing 
additions such as methane or other hydrocarbons. Typical commercial procedures 
used in the United States employ compat'ting pressures in the order of 30 t.s.1, sintering 
temperatures between 1100 and 1200°C., and sintering times from | to 2 hours. The 
Furopean practice, which is distinguished from American procedures mainly by the 
use of higher sintering temperatures (1300-1400°C.), has been described in detail in 
a recent book (4), 

Table I (10) compares the mechanical properties of sintered steels with those of 
standard steels of corresponding compositions. The designations 1020, 1040, and 1080 
indicate carbon contents of 0.2, 0.4, and 0.8%, respectively. The sintered materials 
were prepared from mixtures of electrolytic iron powder and graphite by pressing at 
50 t.s.i., presintering for 15 minutes at 1090°C., re-pressing at 50 t.a.1., and resintering 
for 60 minutes at 1090°C. The porosity of the sintered steels ranged from 3.8 to 
6.1%. 

Although complete densification by repetition of the production eycle or hot 
pressing would be uneconomical, the recently developed cemented fron and steel ma- 
terials offer a practical way of producing dense ferrous materials. The infiltration 
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TABLE I. Mechanical Properties of Sintered and Standard (S.A.E.) Steels. 





——O 1020 Steel ——~—S~S*«*~YCA Ste 1080 Stecl 











Trentueni. SAE Sintered SATu Stntered SAE Sintered 

Tensile strength, psi, 
Turmace-eooled 66,000 455,000 88,000 61,000 102,000 79,000 
Oil-quenched and reheated to 425°C, 77,000 65,000 £10,000 76,000 175,000 106,900 


Water-quenched and reheated to 816°C. 98,000 75,000 126,000 102,000 200,000 148,000 


longaution, % 


Furnace-coole 35 25 29 Zl 20 7.5 
Oi-quenched and reheated to 425°C. 30 25 19 18 12 8 
Water-quenched and reheated to 315°C. 15 15 il 10.5 12 5 





method used for this process consists in first preparing x porous iron or steel skeleton, 
then filling the pores with liquid copper or a liquid copper alloy and finally subjecting 
the infiltrated skeleton to heat treatments which lead to precipitation hardening of both 
the iron and copper phases. This infiltration method was developed by the Amevican 
Electro Metal Corporation (11) and is at present, employed in the mass production of 
jet-engilie compressor blades. The material usecl for the compressor blades has a 
tensile strength of 90,000 p.s.i., an elongation of 8%, and a Rockwell B hardness of 90. 
Sintered steel alloys, for example, stainless steel, are produced either from powder mix- 
tures of the components or from prealloyed powders, As in the cuse of all alloys 
produced by powder metallurgy, the use of powder mixtures has the disadvantage 
that long heating times are required to insure complete alloying and homogenization, 
whereas prealloyed powders have the disadvantage of heing very hard and thus not 
readily compacted. Figure 8 shows the microstructure of 18-8 stainless steel sintered 
from compacted mixtures of iron, chromium, mickel, and graphite powders, 

Structural parts of nonferrous metals are used on a somewhat smaller scale. 
Sintering temperatures range from 650 850°C. for brass and bronze, 750--1050°C, 
for copper and high-melting copper ulloys, to 1000-1400°C. for nickel, cobalt, and their 
alloys. Titanium in ductile form was first. produced by sintering in a high vacuum. 
Recently, the sintering technique has beeu replaced by vacuum-fusion methods. 
However, these fusion methods use as starting material titanium powder, mostly 
produced by reduction of titanium chloride with magnesium. 

Since cast aluminum is readily machined and worked, the powder metallurgy 
of aluminum did not play any significant part in the past. However, a new process, 
developed by von Zeerleder (12), permits the production of sintered aluminum having 
increased strength, particularly at high temperatures. In this process, very fine 
preoxidized aluminum powder is compacted at 14-35 t.s.i., sintered at 500-600°C., 
hot pressed at 35 t.s.i., extruded at 500-600°C. and at a pressure of 35-70 t.s.i., and 
finally either die-forged or hot-swagecl. The material thus produced has wu tensile 
strength of 50,000 p.s.i. at room temperature, as well as considerable creep resistance 
and fatigue strength at elevated temperature (400°C.). The production method is 
expensive but opens the field for important new applications of aluminum in the 
temperature range between 200 and 400°C. The outstanding high-temperature 
strength is explained by the presence of oxide in the grain boundaries. These oxide 
inclusions are assumed to act as barriers for atomic displacements and supprexs re- 
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crystallization as well as creep. The part. played by the oxide is analogous to that of 
thoria in nonsag tungsten wire (seep. 57). 


MAGNETIC MATERIALS 


Permanent Magnets. Sintered Al-Ni-Te (AIni) and Al-Ni-Co-Fe (Ajnico} 
magnets exhibit practically the seme magnetic characteristies as citst prockiets of 
corresponding compositions, but have uw finer grain strueture and therefore exhibit 
markedly higher strength. Turthermore, machining of cust Alni and Alnico materials 
is very difficult, and for small maynets of intricate design powder metallurgy is the 
only practicable manufacturing process, In the produetion of sintered Alani and Alnico 
magnets, difficulties due to the great affinity of aluminum for oxygen have been over- 
come by introducing alumnimm in the form of an aluminam-iren alloy. Compacting 
pressures vary within wide limilts—from 10 to LQ0 tsi.—and sintering temperatures 
range from 1200 to 1800°C,  Tron-free permanent magnets cain also he produced by 
powder metallurgy. Sintered mugnets containing about 44°, eopper, 25%, nickel, 
and 30° cobalt have beeome known under the trade name Permet. 

Pure-iron magnets prepared. from ultrafine powrlers (particle size between 0.1 
and 0.01 4) have recently been developed in France. The powders are produced by 
decomposition and reduction of organic salts such as formites and oxalates. The 
fine particle size is essential for the magnetic performance, aud since sintering would 
cause apvlomeration, pure-iron magnets cnuuot be sintered. The powders are pressed 
in the presence of binders, such as resius, which insure coherence of the parts and at the 
same tine provide protection against oxidation. In applications where mechanical 
strength is not required, the comparatively low density of pure-iron magnets (6-6 
g./cu.cm.) offers advantages. 

Soft Magnetic Parts. Simtere| pure iron ix widely emploved for pole pieces; and 
sintered pure iron as well as iron-silicon loys are used in armatures for small motors. 
Typical production methods, which have been used for the manufacture of the pole 
piece shown in Figure 3, are: compaction at 20 t.s.1, sintering for 80 minutes at 
1100°C., re-pressing at 50-70 t.s.i., and annealing at 700-000°C. 

Of considerable commercial importance are compressed core muterials for seli- 
inductance coils in communication equipment. These cores are produced from Mo- 
Permalloy powders consisting of 2-3¢%, molybdenum, 78-81% nickel, balance iron, 
The individual particles of the powder are insulated by ceramic coatings, compacted 
at about 100 t.s.1., and used without sintering. See Afagnetic substances. 


Economic Data and Future Aspects 


Statistical data released by the Metal Powder Association indicate a continuous 
expansion of the industry (13). The estimated value of the annual U.S. production 
of sintered parts and other products of powder metallurgy was $125,000,000 in 1949, 
and $200,000,000 in 1951, The quantity of iron powder consumed by the mdustry in 
1950 was more than 10,000 tons; the contemplated use of iron for shell guiding bands 
(see p. 60) would increase the domestie consumption from 10 to 100 times this figure. 
The consumption of copper powder was more than doulled from 6,400 tons in 1943 to 
18,100 tons in 1950. Most of the parts produced by powder metallurgy are used by 
the automobile industry. The number of bearings and parts procuced in 1949 is 
estimated to be well in excess of a billion, The economic advantages of powder 
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metallurgy as a production method for structural parts are far from being fully utilized. 
There is, at present, a definite trend toward the redesigning of conventional parts to 
shapes which can be readily produced by powder metallurgy without subsequent 
machiiing operations. Present research aud development work is concentrated on 
the development of high-temperature materials, for example, for turbine buckets, 
rocket nozzles, and similar applications requiring high strength as well as oxidation 
resistance at very high temperatures (3). Since a high melting point must be con- 
sidered a prerequisite for high strength at clevated temperatures, and since the highest- 
melting metallic materials cannot be processed by any method other than powder 
metallurgy, this technique appears to present the logical choice. Cemented titanium 





Courtesy A merican Electro Metal Corp. 
Fig. 9. Sintered titanium carbide parts for high-temperature service. 


carbide-base compositions for service up to about:L000°C. are at present commercially 
available (see Fig. 9), and it is generally expected that powder metallurgy will permit 
the development of materials for markedly higher temperatures. 
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Power may be generated in many ways, but fimdamentally all power generation de- 
vices of widespread engineering application utilize either uir, steam, or water as the 
working medium. Those devices which utilize air are internal combustion engines 
and gas turbines. Those which employ steam are reciprocating steam engines and 
steam turbines, Water is emploved chiefly for the generation of electrical power in 
hydroelectric plants. Here potential energy stored in water behind dams is utilized 
in Jarge water turbines and converted into electrical energy for distribution. 

The various prime movers used for the production of power may be classified as 
follows: 


1, Internal combustion engines 
a, Otto cycle engines 
bh. Diesel eyele engines 
2. Gas turbines 
a, Simple open cycle gas turbines 
b. Open cycle gas turbines with regeneration 
ce, Closed cycle gas turbines 
3. Steam engines 
4. Steam turbines 
a. Straight-through turbines 
b, Bleeder turbines 
e. Automatic extraction turbines 
5. Hydraulic turbines 


In order to generate power with steam, additional equipment besides the prime 
mover is needed. The essential items are a steam generator and a condenser or other 
means of disposing of the exhaust steam. The purpose of the steam generator is to 
convert water into high-pressure steam, using energy released by the combustion of 
fuel in the boiler furnace. The subject of steam generation cannot be considered in 
detail here, but it should be pointed out that steam generators of all types and sizes 
are available, ranging in capacity from a few hundred pounds of steam per hour to over 
atillion. Steam pressures vary from slightly over atmospheric to around 2500 p.s.i.g. 
The principal fuels employed are coal, oil, and natural gas. Other fuels are coke, 
peat, wood, and bagasse, Efficiencies of modern steam generators reach as high as 
90 per cent but average from 74 to 80 per cent for small plants and approximately 
87 per cent for large central station plants. 

Steam power plants may be divided into three classifications as follows: (i) 
Rankine cycle power plants; (2) regenerative cycle power plants; and (3) industrial 
power plants. 

Hydraulic turbines require an elevated water supply in order to operate. This 
means that a dam or other means of storing water must be built. The entire installa- 
tion, including dam, penstocks, turbogenerator, and associated electrical equipment, 
constitutes what is usually classified as a hydroelectric power plant. 

In the following sections each type of prime mover will be discussed, after which 
steam and hydroelectric power plants will be considered, See also Fuels; Rocket pro- 
pellants; Steam; Thermodynamics. 
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Internal Combustion Engines 


Internal combustion engines are used principally in automobiles, aircraft, trucks, 
locomotives, ships, excavating machinery, and all types of apparatus where relatively 
small amounts of power are required, They are also used for the production of elec- 
ivieal energy in small stationary power plants. 

The principle fuels for this type of engine are gasoline, fuel oil, or gas, either 
natural or manufactured. The method of procucing power is by the expansion of the 
working substance against a piston which reeiprocates hack and forth mside a cylinder, 
The reciprocating motion of the piston is converted into rotary motion by means of a 
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Fig. 1. Pressure-yolume and temperature-entropy diagrams for ideal internal combustion 
engine cycles: (@) four-stroke Otte cycle; (b) four-stroke Diesel cycle. 


connecting rod, crankshaft, and fly-wheel; the latter serving as a device for smoothing 
out variable forces exerted against the crankshaft. 

Internal combustion engines can be built with one cylinder or many, depending 
upon the application, For small tools, only one cylinder may be necessary, while for 
large Diesel power plants, automobiles, or aireraft, engines, many cylinders may be 
required. Cylinders may be arranged in a variety of ways, but the most popular are 
the in-line ancl V arrangements used in automobiles and: stationary Diesel engine 
power plants. Other arrangements are the opposed piston type and the radial type. 
The former is used principally in Diesel engines and the latter iv aircraft engines. 

Internal combustion engines are built in sizes ranging from small model airplane 
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engines to large units capable of delivering several thumsand horsepower. Speeds vary 
from about 50 to 5000 r.p.m. depending upon the size and design employed. Thermal 
efficiencies are usually high in well-designed units, ranging from about 20 per cent for 
automotive and aircraft engines to us high as 40 per cent for Diesel locomotive and 
large stationary Diesel power plant engines, These efficiencies are for the engines 
alone and clo not include such losses as those of the electric generatoy and auxiliaries ina 
power plant or the losses between engine crankshaft and wheels in wu automobile or 
Diesel locomotive, For a Diesel power plant, auxiliary losses will bring the average 
overall efficiency down to about 30-35 per cent. Lian automobile or locomotive, 
losses between crankshaft and wheels are so great that actual overall thermal 
efficiencies from fuel to truction output are about half thet of the engines themselves, 

Internal Combustion Engine Cycles. The two most important cvcles employed 
for internal combustion engines are represented in Figure 1 on pressure-volume and 
temperature-entropy diagrams. The cycles shown are ideal cycles, t2 which all proe- 
esses are ussumed to take place in a thermorlyiumically reversible manner. In the 
case of the Otto eycle engine iitake begins at point O in Figure Ifa), The piston moves 
toward the crank end under the impetus of the flywheel and intake air accompanied by 
a charge of gasoline vapor or gaseous fuel is drawn iito the cylinder along the line 
O-1. At point 7 the intake valve closes and the piston returns to the hend encl, 
compressing the mixture of air and fuel isentropically to point 2. Here a spark ignites 
the fuel and the entrapped gases are heated at constant volume tu the high tempera- 
ture represented by point 2 From this point the lout gases expand rapidly, forcing 
the piston to the right and delivering a powerful turning moment to the crankshaft 
and flywheel. At point 4 the exhaust valve opens wil the pressure drops at constant 
volume to point 7. From here the piston returns to point O, discharging the hot 
gases to the exhaust. 

Tn the case of the Diesel cycle, exactly the same processes are followed except that 
fuel is injected into the cylinder in atomized form at point 2 Wig. 1(D)), und combustion 
takes place at constant pressure from points 2 to.3. From points 3 to 4 the expansion 
continues, but without additional energy supply from the fuel. At point; the exhaust 
valve opens and the hot combustion gases fall in pressure at constant volume to point J. 
They are then forced out of the cylinder at constant pressure to complete the cycle. 

The eyeles described above are ealled four-stroke eveles because four strokes of the 
piston, intake, compression, expausion, and exhaust, wre required to complete the eycle, 
By arranging exhaust and intake ports around the eylinder near the end of the ex- 
pansion stroke of the piston, it is possible to displace the exhaust gases with a new 
charge of fresh air before the piston returns again on its compression stroke, With 
such an arrangement the piston itself nmeovers the exhaust ports near the end of the 
power stroke. Shortly thereafter the intake ports ure also uncovered by the piston 
and a fresh supply of air, under a slight presswure generated in the erank case by the 
moving piston, is swept into the cylinder, driving the exhaust gases out, ‘This pro- 
cedure eliminates the necessity of a separate intake and exhaust struke and permits the 
cycle to be completed with only tivo strokes, compression and expansion. Engines 
which operate in this manner are called two-stroke cyele engines. They may uperate 
on either the Otto or the Diesel eyele, depending upou the manner in which the fuel 
is admitted snd burned. 

In all actual engines the processes depart rather widely from those just described 
because of frictional effects, the necessity of cooling the cylinder to prevent over- 
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heating, the imperfect control of the fuel injection rate, leakage of air and gases past 
the piston, imperfect combustion, variation of the properties of air and combustion 
gases with temperature and pressure, and many other Jess evident factors. Because 
of this, thermal efficiencies computed from the ideal cycles must be multiplied by a 
correction factor in order to obtain actual thermal efficiencies. 

Internal Combustion Engine Cycle Efficiencies, There are many ways in which 
the efficiency of internal combustion engine cvcles may be expressed. Since the 
primary purpose of an engine is to secure work output at the expense of thermal in- 
put, the overall thermal efficiency is perhaps the most important. Because the thermal 
efficiency of the ideal cycle can easily be computed, and also because it is the ultimate 
yardstick of accomplishment, this efliciency is often evaluated first and the other 
efficiencies are found from it, The ideal cycle efficiency, 97 for the Otto cycle may 
readily be computed from the pressure-volume or temperature-entropy diagram. It is 


qr = 1l-~- 45 (1) 


where r, = ratio of compression, V2/V; (Fig. 1(@)), and /& = isentropie exponent for 
air, €,/C). 

If it is assumed that throughout the cycle air has a value of & equal to 1.4, corre- 
sponding to cold air, the ideal cycle is said to be computed on the cold air standard. 
If the value of & is taken to be 1.3, corresponding to hot air, it is said to be computed 
on the hot air standurd. Efficiencies computed on the hot air standard are less than 
those computed by the cold air standard but are somewhat closer to those actually 
encountered in practice because of the high average temperature of combustion gases 
in actual engines, 

For the ideal Diesel eycle engine the thermal efficiency is given by: 
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where 7, = ratio of compression, Vo/V, (Fig. 1(6)), r, = fuel eutoff ratio, V3/Ve (Fig. 
1(6)), and k = isentropic exponent for air, C,/C;. 

Actual thermal efficiencies are somewhat lower than those computed by equations 
(1) and (2). The factor by which the ideal cycle efficiency must be multiplied in order 
to give the brake thermal efficiency is called the brake engine efficiency. For well- 
designed engines at rated load this factor is usually in the neighborhood of 50-60 
per cent, 

Applications and Performance Characteristics. Intcrnal combustion engines 
operating on the Otto cycle are well adapted to applications where speed and power 
requirements vary over a widerange. This is particularly true of automobile and air- 
craft engines, which must be capable of adjusting rapidly to sudden variations in load 
and speed. With modern methods of carburation, the correct fuel-air ratio is auto- 
matically supplied at all speeds, making it possible to operate at near peak efficiency 
regardless of operating conditions. 

Diesel engines are widely used for stationary and marine power plants, and for rail- 
road locomotives. Yor stationary power-plant application it is essential that the fre- 
quency of the electrical current generated remain constant. This permits a constant 
speed design yielding optimum efficiency throughout the normal loadrange. In loco- 
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motive applications Diesel engines usually drive electric generators, which in turn 
furnish current to electric traction motors. With this arrangement the speed of the 
Diesel engine can be held at values conducive to highest eficiency while variations in 
train speed and load ean be handled electrically. 

Diesel engines are also widely used for trueks and heavy-duty excavating and road- 
building equipment. For these applications the engines must be desigued to maintain 
reasonably high efficiencies throughout wide ranges of speed und load. 

Typical performance curves for a modern six-cylinder antemobile engine are 
illustrated in Figure 2. Curves of brake horsepower, torque, fuel consumption, and 
brake thermal efficiency are plotted versus engine rp.m. and corresponding speed in 
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Fig. 2. Characteristic curves for a six-cylinder automobile engine at 100% throttle opening. 


miles per hour for 100 per cent throttle opening. The curves illustrate the small varia- 
tion of fuel cousumption in pounds per horsepower-hour with engine speed. <A curve 
of road horsepower required to achieve these speeds in the particular automobile for 
which the engine is designed is also plotted. The difference between the brake horse- 
power and the road horsepower represents the amount of excess power available for 
acceleration ur to overcome stecp grades and other retarding factors. Curves plotted 
for reduced throttle openings would have similar characteristics. 


Gas Turbines 


Simple Open Cycle Gas Turbine Without Regeneration. Perhaps the most 
spectacular recent advance in the field of power generation has been the development 
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of the gas turbine. Besides providing 2 novel method of power geueralion, it has also 
furnished the basic power plant for modern jet propulsion aircraft. 

The most simple gus turbine cycle is essentially the Brayton cyele illustrated in 
Figure 3. The compressor, which may be of either axial or centrifugal type, draws air 
into the inlet at point / and compresses it iseutropically to point: 2. From there the 
air flows to a combustion chamber, where either a liquid or gaseous fuel is supplied. 
Tn the combustion chamber the air is heated aud expanded to pomt 3, It then flows 
through the turbine, where it performs work by surrendering energy before exhausting 
again to the atmosphere at point 4. The work performed by the air in passing through 
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Fig. 3. Simple open cycle gas turbine, showing pressure-volume 
and temperature-entropy diagrams for ideal cycle. 


the turbine is sufficient to drive the turbine and compressor and in addition deliver 
asubstantial portion to the generator, 

The efficiency of the ideal open cycle gas turbine shown in Figure 5 is easily com- 
puted from the temperature-entropy diagram, provided the assumption is made that 
air follows the perfect gas laws, that the specific heat of air at constant pressure is a 
constant, and that the weight of fuel supplied contributes a negligible additional 
weight to the heated air flowing through the turbine. The thermal efficiency of the 
ideal cycle is: 

j . 
me = 1b — Seay (8) 
Pp 
where ar = thermal efficiency of ideal cycle, rp = pressure ratio, P2/ P,, and k = iseu- 
tropic exponent for air, C)/C>. 
In an actual gas turbine, the compressor and turbine both have intemal efficiencies 


less than 100 per ceut, so that the net energy delivered to the generator or shaft of the 
turbine will be reduced somewhat below values computed by equation (3), 
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Open Cycle Gas Turbine with Regeneration, ‘Tlic efficiency of the simple open 
eycle gas turbine can be improved considerably by employing a regenerutor in which 
the exhaust gases are passed couutercurrent to the air leaving the compressor. In this 
manner air is heated by the exliaust gases before extermng (he combustion chamber, 
thereby reducing the amount of heat which must be snpplied by the fuel, 

Tf a souree of cooling water is available, the compression process can be divided 
into fiwo stages with intercooling between them, Ta this mamer the work of compres- 
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Fig. 4. Diagram of open cycle gas turbine with regeneration, reheat, and inlercooling. 


sion can be recluced and the efficiency of the entire eyele improved, Another improve- 
ment in overall efficiency can be realized in larger units if the expansion process is 
divided intv two parts with relleat to the mitial temperature employed before the 
second expansion. This is usually accomplished by the use of a high- and low-pressure 
turbine with a second combustion chamber placed between them. 

Acycle employing regeneration, intercooling, and reheat is illustrated schematically 
in Figure 4 along with corresponding pressure-volume and temperature-entropy 
diagrams, 
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Pressurized Closed Cycle Gas Turbines. One disadvantage of the open cycle 
gas turbine is the large size of the unit as compar ed, for example, to a steam turbihe of 
corresponding capacity. The reason is that air under low pressure as a rather high 
specific volume and therefore demands a large-size compressor and turbine to furnish 
even moderate amounts of power. For this reason exceedingly large units would have 
to be employed to produce a power output comparable to a modern central station 
steam turbine. 

To overcome this difficulty, pressurized closed cycle wits have been suggested. 
In the closed eycle, air exhausting from the turbine is not discharged to the atmos- 



























































60 
50 | A 
= 40 
£ 
3 12008 B 
2 Orr. max, temp. 
ti 
2 30 
ira 
a 
Gi c 
z 1506°F, max. temp. 
z 
o : 
= 20 12005 
a May, temp, D 
é, 
Kc 
10 oe > ay hi 
8, 
Ne 
E 
o 


1 2 3 4 5 6 7 8 5 10 11 12 
PRESSURE RATIO (r,), P, /P, 


Fig. 5. Curves of thermal efficiency of various gas turbine cycles. 


phere but is cooled and returned to the compressor inlet to be used again. With this 
arrangement, air under several atmospheres’ pressure can be employed in the cycle, 
thereby reducing the volume of air required for a given power generation. 

The closed cycle gas turbine has the advantage of smaller-size compressor and 
turbine but the disadvantage of requiring an abundant source of cooling water for 
reduclug turbine exhaust air ternperature to compressor inlet temperature.’ Also, in 
place of a combustion chamber it requires a separate furnace in which heat liberated 
by the fuel is transferred through metal walls to the air. This requires a vast amount 
of heat-transfer surface because heat-transfer coefficients for air to air are low. As a 
result, the air furnace may be lar ger than a boiler for a steam turbine power plant of 
comparable size. 

These factors have tence to offset other advantages which are inher ent in the 
pressurized closed cycle. For this reason, closed cycle units have not as yet been built 
in the U.S. They have, however, received considerable attention in Europe and are of 
interest as indicating a possible line of future development. 
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Gas Turbine Characteristics. Figure 5 is u series of curves representing the 
efficiency of various gas turbine cycles as a function of pressure ratio. Curve Ais for 
the ideal cycle as computed for air, using k = 1-4. With this evele, the effieieney 
depends only on the pressure ratio and increases with inereasing: pressure ratio. 
Curves C, D, and FE represent evele efficiencies computed for an epen cycle gas turbine 
without regeneration, but with intemal efficieucies of the compressor and turbine less 
than 00 per cent and with three maximum air temperatures 1500, 1200, and 10Q0°F. 
For these curves the internal efficiency of the compressor wus taken as $5 per cent while 
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Fig. 6, Net work of varions gas turbine cycles. 


that of the turbine was taken as 87 per cent. The intake air temperature was as- 
sumed to be 80°F,, with a value of k equal to 1.4. The curves indicate that for a given 
turbine and compressor efficiency the cycle efficiency reaches a maximum value at a 
definite pressure ratio which depends upon the maximum temperature T;, Peak 
efficiencies for the three curves reveal that for a maximum temperature of 1000°F. 
a peak cyele efficiency of only about 18 per cent can be expected, whereas with 1200 
and 1500°F, peak cycle efficiencies of 22 and 28 per cent, respectively, can be reached. 
Because of mechanical and generator losses, actual efficiencies would be about 90-95 
per cent of those iridicated by the curves. 

Improvement which can be realized by the use of vegeneration together: with 
intercooling and reheat is illustrated by curve B. For this curve a maximum cycle 
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temperature of 1200°F. was assumed. In order Lo simulate actual conditions more 
closely, the specific heat for air at constant pressure was taken as 0.24 for the compres- 
sur and 0.26 for the turbine. Values of & computed from these specific heats were 
also used. ‘The efficiency of cach portion of the compression process was assumed to he 
85 per cent, while that for each portion of the expansion process was assumed 87 per 
cent. The regenerator was assumed to heat the air to within 50°F. of the temperature 
of the exhaust guses leaving the turbine. The clivision between high- und low-pressure 
processes in both the compressor and turbine were chosen so that maximum efficicucy 
would he obtained. This occurs when the intermediate pressure P;is equal to «/P)P., 
Curve B shows that for this particwar cycle maximum efficiency occurs at a very low 
pressure ratio but that the efficiency is always much higher than for the corresponding 
open cycle without regeneration, reheat, or intercooling (curve D). With conditions 
similar to those indicated for this more complicated cycle, actual thermal efficicicies 
eveater than 30 per cent should be realized for all loucds carried except the very lightest. 
Figure 6 is a series of curves depicting net work output versus pressure ratio for the 
several cycles already discussed. These curves indicate 1 maximum output at some 
particular pressure ratio, depending on the maximum temperature assumed and the 
efficicncy of turbine and compressor. 

Gas Turbine Applications. Gas turbines are used for numerous purposes, but 
the most important application is for jet propulsion aircraft. For this application 
air flows into the compressor at the front end of the engine and is compressed to several 
atmospheres before entering a ring of small combustion chambers located between 
the compressor outlet and turbine inlet. In these chambers a special grade of kerosene 
fuel is bumed, heating the air to between 1200 and 1500°F. From the combustion 
chambers the hot gases expand through a turbine, thereby furnishing the motive power 
for driving the compressor which is atlLached to the turbine shaft. The hot gases eon- 
tinue their expansion through the exhaust nozzle of the engine, creating a high-velocity 
jet which drives the plane forward by the force of reaction. Jet propulsion engines 
are most efficient at very high speeds and at high altitudes where the ambient, air 
temperature is low, 

Gas turbines are also used for locomotive and marine applications, but only to a 
limited extent. This is due in part to the low efficiency of the simple open cycle gas 
turbine compared to that of a modern Diesel engine. It is also due to the difficulty 
of burning coal as a fuel because of fly ash erosion problems. 

An important application for stationary units isin the oil and gas industry, where 
gaseous or liquid fuel is cheap. Here gas turbines can be economically employed to 
drive axial or centrifugal compressors for numerous purposes such as transporting gas 
from the field to metropolitan areas through large high-pressure pipe lines. 

Another application in the oil industry is the Houdry process for refining gasoline 
(see Petroleum (refinery processes)). In this process, air leaving the compressor passes 
over a hot catalyst, where it supplies oxygen for burning off carbon which has collected. 
The resulting hot combustion gases are passed through a turbine, and enough work 
isobtained to drive thecompressor andstill supply a small amount of by-product power. 
A similar application exists in the steel industry, where blast-furnace gas is used as fuel 
in a gas turbine which compresses the air required for operation of the blast fiumaces. 

In the utility industry, gas turbines may be employed for peak load generation 
or for standby service,’ Another possible application is to supply power for fully 
automatic booster stations at the end of long transmission lines. 
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Steam Engines 


The reciprocating steam enging operittes oi the principle of the expansion of steam 
against a piston which moves back and forth inside a evlinder. For many years this 
type of engine carricd the burden of puwer generation, but the advert af internal com- 
bustion engines and steam turbines has now reduced its application te a minimum, 
The principal reason for this is that the steam engine is definitely linited in size, speed, 
wc capacity, and, except in the smallest sizes, cannot possibly compete with he steam 
turbine on an ceonomie or fuel eeononyy basis, Moreaver, even in the smaller sizes 
mentioned, cheaper power geueraling devices which reqnire ue steam generatur are 
available, Also, attractive electrical rates have phived a significant role in the re- 
placement of steam engives with electrie moturs, 
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Nevertheless, there are sometimes cases where the installation of a steam engine 
is the proper choice. Such cases are those in which steam generation equipment is 
needed or ulready available and where the exhaust steam from the engine can be used 
for heating or process work. Whenever such conditions exist, only a careful overall 
study of costs of alternative methods of supplyiug power can reveal the proper selec~ 
tion of prime mover. 

in Figure 7 the solid lines represent an ideal indicator diagram for 4 typical steam 
engine cylinder. The diagram represeuts graphically the pressure inside the cylinder 
versus position of the piston. Steam produced in a separate steam generator is ad- 
mitted under high pressure, forcing the piston toward the crank enc to the point of 
cutoff 7. At this point the intake valve closes and steam is allowed to continue its 
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expansion until the piston reaches the end of its power stroke at point 2. The exhaust 
valve then opens and the pressure drops at constant volume to exhaust pressure, 
following which steam is foreed out as the piston moves toward the head end under the 
impetus of the flywheel. 

In an actual engine, the exhaust valve is closed near the end of the piston’s for- 
ward movement, thus trapping a small amount of steam in the head end of the cylinder. 
This steam is compressed as the piston moves further forward and serves as a cushion 
against impact when new steam is admitted av the beginning of the power stroke. 
An actual indicator ecard for a typical steam engine is similar in shape to the one shown 
dotted in Figure 7. This curd contains considerably less area than does the ideal card, 
and points where the intake and exhaust valves open and close are much less sharply 
defined. This characteristic is common to all steam engines but in some desiguis is less 
pronounced than in others. 

Early steam engines nearly all used a D-slide valve design (Tig. 7) or its equiva- 
lent. This was a slow-acting valve which resulted in considerable pressure drop as the 
steam passed in and out of the cylinder through the valve openings. Later, de- 
signs were developed which largely eliminated this effect by producing a more rapid 
valve action. The most important of these was the Corliss valve, which became 
popular around the turn of the 20th century. 

One of the most widely used steam engines is the uniflow engine. In this engine 
steam is admitted at either end of the cylinder and exhausts near the center, where 
the piston itself uncovers the exhaust ports. With this type of engine the problem of 
initial condensation of steam is reduced to a minimum, since the hottest portions of the 
cylinder, where intake occurs, are not cooled by exhaust steam as in other types of 
engines. 

The approximate horsepower obtainable from a steam engine is easily estimated 
by first determining from the ideal indicator diagram the mcan effective pressure acting 
on the piston. This in turn is multiplied by the piston area, length of stroke, number 
of power strokes per minute, mechanical efficiency, anc a diagram factor to correct 
for failure to achieve ideal conditions. The result when divided by 33,000 (33,000 
ft.-lb./min. =1 hp.) gives the brake horsepower. For the ideal diagram of Figure 7 
the mean effective pressure, P,,, in lb./sq.ft., is given by: 


Pm = (PrV,/¥ 2) [t + log, Vo/Vil ~ Pa (4) 
where P; = pressure of steam admitted to the engine cylinder, in tb./sq.{t.; 
Vy = volume oecupiel by steam af point of cutoff, in euft.; Ve = volume 


occupied by steam at end of stroke, in eu.ft.; and Ps = exhaust pressure of steam, 
in lb./sq.ft. 

For a double-acting steam engine in which expansion occurs on both sides of the 
piston, the brake horsepower bhp, developed per cylinder is given by: 


PmbAN et | 
bhp = |{( = iain ? 5 
? ( 33,000 i end + ( 33,000 crank end. tcl’ ‘ » 


where Pm = mean effective pressure, in Ib./sq.ft.; JL = length of stroke, in ft.; 4 = 
area of piston against which steam acts, in sq.ft.; MN = revolutions per minute; 
gor = mechanical efficieucy of engine; and Fp = diagram factor for the engine. 

For D-slice valve and uniflow engines the value of Fp at rated load is about 0.75, 
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while for Corliss valve engines it is about 0.80. The mechanical efficieney is in the 
neighborhood of 95 per cent. The expausion ratio MaV) usually varies between 4 
and 6. Because of limitations imposed by the valves, steam temperatures should 
not exceed GOO°F., and steam pressures should not be above about 250 p.s.i.g. 


Steam Turbines 


The steam turbine is the basic prime mover for the production of large quantities 
of power. All steam turbines operate on the same principle, the expansion of steam 
through a series of nozzles and blade elements arranged to convert the energy of ex- 
pansion directly into rotational motion, The usual design consists of a birge rotor 
suspended in a casing or cylinder. The rojor has attached to if rows of blading ex- 
tending radially outward, through which steam flows on its way to the turbine exhaust. 
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Fig. 8. Typical modern central station steam turbine. 


Altached to the casing is another series of nozzle clements arranged in rows which fit 
between the rows of rotating blade elements. Steam expanding through the turbine 
has its velocity increased in the stationary nozzle elements, and the kinetic energy 
thus created is converted into power in the rotating blade elements. 

A typical modern central station steam turbine is illustrated in Figure 8. It is 
an 80,000-kw. 3,600-1.p.m. turbine designed to operate with initial steum conditions 
of 1450 p.s.i.g. and 1000°F, total temperature with reheat to 1000°F. It is a tandem- 
compound unit with a double-flow low-pressure element. Steam enters the high- 
pressure portion of the turbine through the governing valves and flows leftward through 
a group of nozzle and blade elements to the reheater inlet. After being reheated in 
the boiler, the steam enters the turbine again and flows toward the right through a— 
group of intermediate pressure clements. Exbausting from these, it flows upward 
and over the top to the center of a third group of elements consisting of low-pressure 
nozzles and blading. Here it is divided and flows through the blading in both direc- 
tions and out into the condenser, which is located below the low-pressure portion of the 
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turbine. At various points along the path of flow, openings are provided from which 
steam may be bled for the purpose of heating boiler feedwater. 

Steam Turbine Applications. Turbines muy be divided into two basic clussifiea- 
tions, condensing und noncondensing. Condensing turbines are those in which steam 
after expanding through the blading is exhausted into a condenser which operates under 
low pressure, usually hetween Land (1g inches of mercury absolute. Tn the condenser, 
latent heat contained in the exhaust steam is removed by the circulation of large 
quantities of cooling water through bundles of tubes surrounded by the steam. The 
condensate collected at the condenser outlet is pumped through a series of feedwater 
heaters back to the boiler. 
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Fig. 9. Characteristic curves for a 20,000-kw. A.S.M.E.-preferred 
standard turbine generator. Steam conclitions: 850 p.s.i.g., 9§00°R,, 1 iu. 
Hg absolute, Solid lines are for four-heater performance. 


Noncondensing turbines are those m which steam is exhausted cither to the atmos- 
phere or to some other apparatus at atmospheric pressure or above. They are often 
used in plants where power is generated ay a by-product and where exhaust steam is to 
be used for process work or for heating. 

Because of the relatively large loss in thermal efficiency resulting from high ex- 
haust pressure, all central station steam power plants employ condensing turbines. 
These are attached to large electrical generators, which generate power at high voltage. 
This power is distributed to the customer through complex electrical networks which 
include substations and transformers for reducing the voltage to values appropriate 
to the various industrial aud household applications, 
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Turbines, whether condensing or noueondensing, may be divided into three ad- 
ditional classifications; (1) straight-through turbines: (2) bleeder turbines; and 
(3) automatic extraction turbines, 

Straight-through turbines are those in which steam flows through (he turbine from 
inlet to exhaust without any portion being added or abstracterL. This ivpe af turbine 
is employed principally for driving pumps, fans, ar other high-speed equipment. ov 
for generating relatively small amounts of power. 

Bleeder turbines ave those from which steam is extracted at various potuts aloug 
the path of flow for the purpose of leating condensate feedwater on its way to the 
boiler. With this type of turbine no attempt is made to maintain the pressure of the 
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POWER GENERATION, kw. 
Fig. 10. Curves of throtile flow versus power generation for various ex- 
traction rates for a 2,000-kw. automatic extraction turbine. 


extracted steam constant. As a result, if varies almost directly in propurtion to the 
load being carried. ‘Phis type of turbiie is the only kind widely used iv modem coutral 
station power generation. The reason is that with bleeding of steam for heating feed- 
water a much higher thermal efficicuey ean be achieved. Ji actual installations the 
total quantity of steam bled from the turbine is about 30 per cent of that supplied to 
the throttle. The percentage increase in overall thermal efficiency realized by the 
use of a bleeder turbine over a straight-through turbine for the same steam eouditions 
isabout. 10 per rent. 

duwomatic evéraction lurbines are those designed to permit the extractiou of steam 
at constant pressure at one or more points along the path of flow, Steam thus ex- 
tracted may he used for process work or for heating, Sinee with this type of machine 
it is desired to hold both the speed and extraction pressure constant regardless of load 
carried, special valve arrangements are necessary, Automatic extraction turbines 
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are ideal for industrial plants in which it is desirecl to generate electrical power and at 
the same time supply steam for other processes at some desired intermediate pressure. 
The design can be arranged to exhaust to a condenser at low pressure or to some other 
apparatus such asa heating system at moderate pressure. 

Characteristic Curves for Steam Turbines. Figure 9 shows a set of character- 
istic curves for a typical 20,000-kw. 3,600-r.p.m. A.8.M.E.-preferred standard turbine 
operating at 850 p.s.i.g, and 900°F. with four extraction openings for feedwater heating. 
Curves are shown for both extraction and nonextraction operation. It will be noted 
that, for either case the throttle flow varies almost linearly with load. This is typical 
of all steam turbines, whether large or small. It will also be noted that for extraction 
operation the heat rate is a minimum in the neighborhood of rated load where maxi- 
mum economy is usually desired. 

Figure 10 is another set of curves showing throttle flow versus load for a typical 
3,600-1.p.m. single automatic extraction turbine. Throttle pressure and temperature 
are 400 p.si.g. and 600°F., respectively. Texhaust pressure is 2 inches of mercury 
absolute and extraction pressure 35 p.s.i.g. The curves indicate that for any constant 
load an increase in extraction flow of 10,000 pounds per hour requires a1 increase in 
throttle flow of about 5,600 pounds per hour. The line of maximum extraction on the 
left represents the limiting amount of steam which can safely be extracted at any 
given load without reducing exhaust flow to a value too small to carry away the friec- 
tional heat generated in the turbine stages beyond the point of extraction. The line 
on the lower right represents the limiting load that can be carried without overloading 
the condenser, Maximum generator capacity is seen to be 2,750 kw. while maximum 
throttle flow is 60,000 pounds per hour. 


Steam Power Plants 


Rankine Cycle Steam Power Plant. The Rankine cycle is the basic cyele from 
which all modern steam power plant vyeles have evolved. It is named after the 
famous British engineer and scientist James Rankine (1820--1872). Figure 11 is a 
sketch of the equipment required to perform the cycle together with the corresponding 
temperature-entropy and enthalpy-entropy diagrams. Steam generated in the 
boiler enters the steam turbine at point 1. After expanding isentropically through 
the turbine, it enters the condenser at point 2. Here heat is removed at constant 
pressure until the steam is condensed to saturated liquid at point 3. Itis then collected 
in a hot well and pumped back into the boiler at point 4, where sufficient heat is added 
at constant pressure to vaporize and superheat it to the original condition represented 
by point 7. 

The work of the cycle is the difference between the work of the turbine and the 
work of the feedpump. From the steady flow energy equation this may be shown to 
he (A, — he) ~— (hy — hg). The heat added is (ty — hy). The thermal efficiency of the 
eyele is therefore given by: : 


(th, — ha) — Chg — hs) — (mu — ty) - PW (6) 
(hy _ Ay) (Ry _— hg) —~ PW : 
where h = enthalpy of working substance, in B.ta./Ib. of working substance; and 
PW = feedpump work (hg — ha), in B.ta/Ih. of working substance. 


The pump work PW is hegligibly small compared to other quantities exept for 
pressures above about 400 p.s.i.g. Graphically the work of the ideal cycle is represented 
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by the enclosed area Won the demperature-cnitropy ¢hart. und the heat rejected is 
represented by the area Qp. 


The heat added is vepresentert by Che stim ef these twa 
areas, 


In the actual eyele, expansion throngh the turbiue oveurs trelficienthy, causing 
the steam to leave the turbine at point 2! insteud of 2. 


This means that a greater 
heat rejection takes pluce in the condenser. his wilditional heat is represented ly 


the dash-dotted area au the tempernture-eutropy chart or hy the enthalpy difference 
(lig ~ he) onthe Moller chart. 
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Fig. 11. Rankine cycle power plant with correspunding temperature. 
entropy ald enthalpy-cntropy diagrams. 


Because of the greater heal. rejection, the eyele efficiency ts reduced. The ratio 
of the actual energy released by the steam during its expansion (ly — Hg) compared 
to the ideal release (4) — fe) is called the turbine internal efficiency. In modern 
central station steam turbines this is of the order of 85 per cont. The actual output 
of the gencrator is less than the cnergy release (i — hy) by the exhaust loss, mechani- 
‘al losses, and generator losses, In modern units, these losses constitute about 5 
per cent of the generator output, making the overall output of the turbogenerator equal 
to about 80 per cent of that represented by the idesl isentropic expansion (hy — Az), 
This percentage is called the overall engine efficiency of the turbogencrator wit. 

From the area represented on the lemperatire-entropy chart it is obvious that, 
other things being equal, the higher the initial pressure aud temperature the higher 
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will be the eycle efficiency. For this reason there has been a gradual trend toward 
higher pressures and temperatures in power plant design. 

The Regenerative Cycle. The regenerative cycle is similar to the Rankine eyele 
except that certain modifications are employed to increase the overall thermal effi- 


Wp = Reheat flow 2 
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Fig. 12. Flow diagram for a reheal-regenerative cycle with temperature-entropy and en- 
thalpy-entropy diagrams. 
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ciency. In the basic regenerative cyele steam is bled from the turbine at several points 
for the purpose of heating the condensate feedwaler before returning it to the boiler. 
The reheat regenerative cycle is the same as the regenerative cyele except that steam, 
after partially expanding through the turbine, is withdrawn and reheated at constant 
pressure (oa higher temperature Cisually equal or close to the initial steam tempera- 
ture) before being returned to the turbine for esinpletion ef expansion. (Que thermn- 
(lynamic advantage of reheat is the inerease iu thermal etheiency resultiag frum the 
addition of heat ta the eycle at a higher average temperature than for the straight 
regenerative cycle. 


Auother advantage is that steam is exhausted with less niuisture 
content, 


This reduces frictional losses and water erosion in the last stages of the tur- 
bine, thereby increasing the efficiency still more. 

A typical modern central station reheat-regenerative power plant cycle designed 
for a turbine such as that ilnstrated in Figure § is shown schematically in Figure 12. 
Temperature-cntropy and enthalpy-cutropy diagrams are also shown for the evele. 
Steam, after being generated in the boiler, is superheated and euters the turbine 
at point 7. Tt expands with sume increase in entrepy to point .t, where it is 
withdrawn from the turbine and, afier a portion is extracted for feedwater 
heating, ts retuned to the boiler for reheat at constant pressure before being 
reintroduced into the turbine at point 2. ‘The steam then resumes its expansion 
through the turbine, and as if passes (he various extrartion points, B,C, D, and &, 
a portion is withdrawn from each for feedwater heating, ‘The remaining steam con- 
tinues its expansion to the turbine exhaust. aml enters the condenser at point 4. In 
the condenser ifs latent heat is removed by cireulating waiter. The condensate is 
collected aud pumped through two closed feedwater heaters and into the deaerating 
heater, where it is further heated aud where any dissolved permanent guses arc driven 
out. After leaving the deaerating heater, the feedwater enters the feedpumps and is 
pumped through the nest two feedwater heaters and economizer inta the boiler, 
Drains from the two feedwater heaters are cascaded back to the deverating heuter 
through traps as indicated in the diugram. A distifled-water tauk is provided for 
addition of purified makeup water to the cycle. 

The temperature-entropy and cuthalpy-entropy diagrams shaw the weight of 
working substanee involved in earh portion of the eyele. From the diagrams it is 
clear that none of the extracted steam flows ta the conceuser and consequently Less 
heat is rejected than in the case of the corresponding Rankine eyvele. This meuns 
that # larger portion of the beat added is converted into work and that the efficiency 
of the cycle is betder. 

The dash-dotted lines in the diagram represent the path the steam would follow 
had an ideal eyele been assumed. The solic) ines are those representing the approsi- 
rate actual path of the steam. The entropy increase during expansion through the 
turbine results from internal friction which is converted inte heat, This raises the 
enthalpy of the expanded steam by the amount indicated on the enthalpy-entropy 
diagram. 

Steam Turbines for Central Station Power Plants. Central siation power plant 
turbines range in size from ahout 1,000 to 250,000 kw. Por many vears each large 
turbine was individually dosigned to meet the particukiu conditions af a given plant. 
Tn recent years an effort has been mite to slandardigze steam couditions and extraction 
points so that the manufacturer cu Duild turbines to these specificutions with a sub- 
stantial saving in cost. A joint committee of the AS MLE, and A.LELE, has now 
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standardized on steam conditions and points of extraction for units ranging from 11,500 
to 100,000 kw. Work is in progress on still larger wiits and should ultimately cover 
the entire range up to about 250,000 kw. ; 

Industrial Power Plants. The (erm power plant is often used loosely to designate 
any plant in which steam is generated regardless of whether or not power is produced, 
Because of this trend the term. power plant has become almost synonymous with the 
term slew generator plant. 

In the more exact sense, an industrial power plant is one in which power 
is generated either for use by the company in its own plant or for sale as by-product 
powet to a neighboring wility, Tn the oil, steel, and chemical industries large quaunti- 
ties of steam are often required. Whenever this is the case, a careful economic anal- 
ysis will reveal whether or not it is an advantage to generate power and, if so, how 
much. 

Since it costs little more to build a high-pressure steam generator than a low-pres- 
sure steam generator, it may prove to be a decided economic advantage to build the 
former and install an automatic extraction turbogencrator to frnish the necessary 
power requirements for the plant. At the same time, steam will be provided at the 
desired pressure levels for process work or for heating the building. This might prove 
especially attractive in eases where steam could be extracted at two pressure levels, a 
high pressure for process work aud a low pressure for heating during the winter months. 
During the summer months, the low-pressnre extraction could be curtailed and addi- 
tional power generated could he employed for the operation of an. air-conditionhyg 
aystem. During seasons of the vear when excess power is generated, arrangements can 
usually be made to sell this power to a utility ata mittually satisfactory rate. 

Because of the wide yariely of needs, there 18 no single industrial power plant 
evele. However, any eyele which is adopted will be cssentially either the Rankine or 
the regenerative cyele with modifications for extracting steam at various pressure levels 
and in various amounts for process work. Great care must be exercised in planning 
ah industrial plant if optimum economic advantage is to be obtained. 


Hydroelectric Power Generation 


About 25 per cent of the electric generating capacity of the United States is lydro- 
electric, Phe subject of hydroelectric power generation is excecdingly complex. be- 
cause of the many complicating factors which have to be considered. These include 
not only technical problems but often also problems related to the economic well-being 
of whole populations which might be affected hy the type of hydroelectric develop- 
ment undertaken. Yor this reason ouly a brief discussion of this method of power 
eeneration will be included. 

Types of Hydroelectric Power Plants. Hydroclectric power plants may be 
classified roughly as high-head, merinm-head, and low-head plants, depending upon 
the height of the water level in the reservoir above the plant. Although no definite 
line of demarcation exists between them, high-head plants are usually considered to be 
those operating on heads of about 500 feet or more, while low-head plants are those 
operating on heads of less than approximately 50 feet. High-head plants require 
much less flow than do low-head plants of the same capacity, Por this reason turbines 
and generators may he designed for higher speeds, permitting smaller units and 
housing. This is an advantage but is somewhat offset by the fact that long conduits 
or penstocks are necessary between dams aud power plant. 
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Because of the great volumes of water whieh lave to be lamdledl, turbine geners- 
tors for low-head plants are uecessarily large low-speed machines. ‘They are usiully 
of the reaction type and may be designed for asial or radial flow.  Meditun-head plants 
partake of the characteristics of either low- or high-bead pkints in aceordauce with 
the degree of similarity with one or the other. 

Dams vary greatly in design, depending on Lhe type of service fur which they are 
to be used. In arid regions of the West, dams are asyally built fur the primary pure 
pose of storing water during the fall, winters aud spring for irrigation. during the 
summer, These dams may also bave facilities for hydrodeetric power generation, 
but unless a given flow is assured throughout the entire vear such facilities ave usually 
built for limited service only. 

Another type of dam is the fload control dam. The purpose of this dam is to 
provide a storage reservoir capable of holdiug large volumes of water when Avec) con- 
ditions arise. Such dams may or may not be compatible with the demands of electric 
power generation. If, for example, the reservoir is naaiidainec at a high level for power 
generation there will be little reserve capacity te absorb flood water aul its primary 
purpose will be defeated. On the other laud. if the veservom is allowed to fall to a 
low level in order to provide storage space for flood comlitious, power geueration may 
at times have to be curtailed altogether should the wutieipated flood couditiaas fail 
to occ, 

Hydroelectric plants are often Dilton streams with an assured) ammual water 
flow, In these eases it is usualy eeonomically sono ta provide geverniing equipment 
tluu can utilize whatever power is available in the river, additional power being sup- 
plied by steam plants. 

Plant Sizes. Hydro plants have been built for heads yarving all the way from 
about 5 feet. to as high as 5,000 feet. Single units have been built whieh will develop 
more than 100,000 kw. The largest single hydroelectric development in dhe United 
States is at Grand Coulee Dam, whieh emplovs 18 units of 108,000 kw, each, giving 
a total capacity of 1,944,000 kw. This project. is a multipurpose project fur irrigation 
and power with some flood control, navigation, und reerestional bencfits inchided as 
well. Tt has been estimated Ghat. if fully utilized, Chere is a poteutial bvdruelectrte 
power capacity of 34 million kw. on the Columbia River done. Other large hydro- 
electric developments are the Termessee Valley Authority, Bouneville, and Hoover 
Dam. 


Present Power Generation and Future Trends 


The total power produced from all sources is diffienlt to estimate becuse of lack 
of exact information on that developeck by automobiles, locomotives, and aircraft. 
However, on the basis of fuel consumption reported in the Statistical Abstract of the 
United States for 1952 it is possible to arrive at an estimate of the equivalent aumuial 
power production of each of these media of transportion. Expressed in kilowat t-Lours 
per year, the estimated production for 1951 is: 


‘Transne rrtatis ” 
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Adding to this 60 billion kilowatt-lours for industrial power generation and 10 billion 
for miscellaneous power production gives a total of roughly 300 billion kilowatt-hours 
per year exclusive of utility production. 

According to figures published in the January 26, 1953, issue of Electrical World, 
the total power generated by electrical utilities during 1952 was about 400 billion kilo- 
watt-hours. Of this oulput almost 350 billion kilowatt-hours was sold to consumers, 
Fifty per cent of this weut to large inchustrial customers, 25 per cent to residential 
and rural lighting, and the remaining 25 per cent to small industrial plants, traction 
loads, slreet Hghting, and miscellaneous uses. 

A breakdown of utility production also reveals that about 80 per cent of the power 
produced is generated by private utilities, about 13 per eent by the government, and 
about 7 per ceut ly municipalities and cooperatives. Of this total production, ap- 
proximately 80 per cent is generated in steam power plants and almost all the remainder 
in hydroelectric plants. 

All indications are that the trend toward greater use of electrical power will cou- 
tinue and that by the year 2000 at least a trillion kilowatt hours per year will be pro- 
duced. Among the future load builders that will help to assure this load are increased 
industrial activity, widespread adoption of air conditioning in homes, and the ever 
increasing use of electrical applances. Since 1920 produetion has increased sixfold 
and installed capacity has jumped from about 15 million to 80 million kilowatts with 
the ratio between steam and hydro capacity gradually ineveasing from roughly 3:1 
tots. 

Along with the increased use of power will come more efficient operation and dis- 
tribution, with better load factors and lower fuel consumption per kilowatt-hour. 
The latter will be brought about principally by the use of higher steam pressures and 
temperatures, larger-size turbogenerators, and increased attention to optimum eco- 
nomic plant designs. All of these factors should result in a steady decline in the 
average unit price paid for electrical energy, making the outlook for future expansion 
of the industry exceedingly optimistic. 
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With the possible exception of temperature, pressure is the most important. process 
variable to be measured and frequently controlled, As au example to illustrate its 
Importance, it may be pointed out that, in some processes, w bo °F, change in tempera- 
ture may result in pressure changes of 15 to 20 inches of water. In this case, clearly, 
controlling the pressure affords a far more aceurate means for control of the process 
than controlling the temperature. (See alsa Zustrumentation.) 

A variety of elements, designed specifically for the various ranges and operating 
conditions, are required to measure the pressures encountered in modern plants, for 
these may range all the way from ultrahigh vacwuns of less than one micron of mereury 
absolute to as high as fifty thousand pounds per square inch, or even higher. However, 
since ten thousand pounds per square inch is rarely exceeded in process work, elements 
for pressures above this limit will not be discussed. The more widely used industrial 
types of mechanical pressure elements are described: namely, the (7) bell, @) limp 
diaphragm, (3) metallic diaphragm, (4) Bourdon tube, (3) spiral, (@) helix, (7) spring 
and bellows, and (8) absolute pressure gage. 

Units. Pressure is a measurement of the force on a unit area, and ean be ex- 
pressed in various units. Conversion factors for a number of ways of expressing 
pressure are given in Table I. The atmosphcrie pressure decreases with increases in 
altitude, and also varies from day to day at the sume location. This latter variation 
is within comparatively narrow limits and, for convenience, standard atmospheric 
pressure is based on average sea-level conditions and is taken as 29.92 in. of mercury, 
760 mm. of mercury, or 14.7 p.s.i. 

Most pressure-measuring devices measure the difference between the pressure of 
the confined substance and that of the atmosphere, the difference measured being 
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called gage pressure. Absohite pressure is the gage pressure plus the nimospherie 
pressure, Thus, if the atmospherie pressure is eqnal to the standard atmospherie 
pressure, Pasia. == paste, - 14.7, but it must always he remembered that the setual 
pressure of the atmosphere may differ from 14.7, and may vary. Pressures below 
atmospheric may be expressed us absolute pressure, but frequently they are expressed 
in terms of “viewim”; this is the differeuce between the atmospherie pressure and the 
absolute pressure, und is given directly by many gages. Where the pressure range of 
an instrument includes both vacuum and guge pressure, if is generally known as a 
compound range, 


Types of Pressure Gage 


Bell Type. While there are several kinds of bell-type pressiire gages, probably 
the most used industrially is the balanee-lover type illastrued in Bigue 1. The 








Courtesy Minneapolis Honeywell Regulator Company, 
Brown Instruments Division. 





Fig. 1. Balanced-beam bell-type pressure gage. 


actuating element of this type cunsists of two bells which are suspended from ends of an 
even-arm balance beam and immersed ia tank containing oil of appropriate viscosity. 
The measured-pressure line terminates heneath the righi-land bell with its opening 
extending above the oil level. Ambient. temperature changes along this line will 
alter the density of the air or gas being measured andl catise an error in pressure meas- 
urement; this effect is compensated by a second line connected in the same manner 
as the first to the left-hatl bell and run parallel to the first, terminating near the pres 
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sure tap and open to atmosphere. For statie pressure, where the pressure-connecting 
line is at a relatively constant temperature, or where the gage is very close to the 
pressure tap, ouly the right-hand measuring bell is used, a counterweight being placed 
on the opposite end of the balance beam. In either type, the system is initially bal- 
anced with equal pressures inside and outside the bell or bells; an increase or decrease 
in the measured pressure causes the very sensitive balance beam to deflect equilibrium, 
thus moving the pointer attached to the beam across a graduated scale. 

The hell-type gage is a highly accurate pressure-measuring device. Ranges from 
a vacuum of 0,05 inch of water to a pressure of 2 inches of water, with a sensitivity of 
+:0,0005 inch, can be measured. From this it is evident that: if used for control, the 
pressure can be held within very small margins ou minute pressure changes. Designed 
for such small pressures, however, the gage obviously will not withstand appreciable 
shocks or sudden overloads without its accuracy being affected; where these may 
occur, measures should be taken to protect the gage. The bell-type pressure gage is 
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Fig. 2. Limp-diaphragm pressure gage. 


utilized quite frequeutly in the measurement of furnace and Iciln pressures, where the 
pressures must be held within narrow limits for most efficient operation. 

Limp Diaphragm. The limp-diaphragm type of pressure gage parallels the bell 
type in the measurement of low pressure. Figure 2 is a schematic diagram of this type 
as used with a vertical pointer gage. The diaphragm is usually made of flexible colon 
leather, the principal source of which is the intestines of animals so treated as to re- 
tain the natural oil, which keeps the diaphragm pliable over a long period. The flex- 
ibility and longevity of this diaphragm are the critical points in the accuracy and per- 
formance of the gage, and since it may be subject to an atmosphere that may dry out 
the diaphragm, it is obvious that precautions must, be taken to test and inspect the 
gage periodically. In corrosive atmospheres, an experience-proved synthetic impreg- 
nated material is utilized for the diaphragm. Referring to Tigure 2, it can be seen that 
the operating mechanism consists of the diaphragm and a cantilever spring, attached 
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to the pen or pointer. The force of the pressure is transmitted to the cantilever 
spring, which deflects in direct proportion to the magnitude of the pressure. 

Gages of this type are usually protected from sudden overloads ly the shape of 
the diaphragm housing, which prevents excessive dinphragin travel. This overcomes 
the difficulty sometimes encountered with liquid-scaled gages, which are likely to blow 
the seal if a sudden overload occurs. The diaphragm gage ix particularly applicable 
to blast-furnace draft measurement becuuse of itx ability to withstand moderate 
overlouds, Gayes of the diaphragm tepe ure usually suppliel in ranges from 0 to | 
inch of water up to 100 inches of water. Tt ig alse possible to measure differential 
pressure by applying presstire to beth sides of the diaphragm, 
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lig. 3. Diaphragm element of a metallic-diaphragm pressure gage. 


Metallic Diaphragm. This type of pressure gage is simiker Lo the limp-diaphragm 
type, except that, tustead of wtilizing one Tinp dinvphragm, the measuring element 
usually consists of a series of metaflic diaphragms with concentric corrugations which 
are built up in the form of a bellows. The series of corrugated diaphragms proves more 
satisfactory than a single Hat one, since the force from a flat metallic diaphragm is 
proportional to the pressure only over extremely small ranges. Figure 3 illustrates a 
diaphragm element with small coils of spring attached to one side to restrain the mo-. 
tion of this side and increase the motion of the opposite side. Tor corrosive applira-- 
tions, the diaphragms can be coated inside aud outside to resist corrosion, These 
gages are normally qtilized for measurement of pressures from 0-1 inch of water to 
0-5 p.s.h.g. 

Bourdon Tube. The Bourdon-tube type of pressure or vacuum gage is one of the 
oldest, if not the oldest, pressure gage Instrument of a strietly Industrial type. It is 
used extensively in small, dial-type indicating gages ancl, to lesser degree, in recording 
and coutrolling iidustrial instruments for pressure ranges from 15 to 10,000. p.s.1. 
Tis operating principle is also utilized in the spiral and helical measuring elements 
which will be discussed later. 
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Figure 4 illustrates a Bourdon tube. Briefly, this element comprises a thin- 
walled tube which has been flattened on diametrically opposite sides to produce an 
approximately ellipitical cross section. This tube is then bent into an arc of a circle 
as illustrated. When pressuve is applied to the open or “gage” end of the tube, the 
tendency is not only for the original round cross section to be restored, but also for 
the tube to straighten. Actually, to a small degree, both these changes take place, 
and thereby move the free end of the tube a sufficient amount to position a pointer 
across a graduated scale. A sector-and-pinion design may be used to amplify the 
movement of the free end of the tube, 





Courtesy Minneapolis Honeywell Regulator Company, 
Brown Instruments Division. 


Fig. 4. Bourdon tube. 


Tt might he assumed from the simplicity of the Bourdon tube that a stress analysis 
and deflection analysis of the tube under pressure could be casily made. Actually, 
the strict mathematical analysis of the deflection of a Bourdon tube is extremely com- 
plex. However, it has been shown that, within prescribed limits, a straight-line 
calibration can be obtained for the free-end movement of the tube, thus permitting 
equal graduations on the dial. 

From the design standpoint, it is advantageous to have one sector and pinion 
providing the same full-scale pointer travel, regardless of the pressure range. This 
requirement, in turn, necessitates a constant end movement of the tube for various 
ranges, Which is xchieved by proper selection of the tube-wall thickness and tube 
material. In all cases, however, the movement of the tube is relatively small, which 
generally prevents the use of this element for narrow pressure spans and pressure 
ranges below 15 p.s.i. 

Materials generally used for Bourdon tibes are phosphor bronze, beryllium cop- 
per, stainless steel, aud chrome-alloy stcels. The most common material for lower 
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pressure ranges is bronze. For pressure ranges from 400 te £0,000 pis... and on lower 
pressure where violent Anetuations seeur, the ovher miuferials are used. the selection 
being influenced by the nature of the fluid measured. 





Courtesy Minneapolis Honeywell Repelatuy Company, 
Broun Instruments Dialsioi, 


Fig. 5. Spiral element for pressure measurement. 


The accuracy of the Bourdon-tube pressure gave will depend Lurgely on the quality 
of the gage and the size of the dial. The weeuracy of fhe erdinary commercial type of 
gage when new is usually within 1°% of the full 
scale. The precision type of gage is usually 
guaranteed accurate to within 148, of the 
full seale. This represents au accuracy of one 
part im two hundred, which is considerable when 
the possible sources of error are taken tute 
account. In general, the Bourdon-tube pressure 
rage will have a sustained aceuracy cousilerably 
less than that of a carefully built quid column. 
However, the greater ease of maintaining the 
Bourdon type of gage, ease in reading, andl its 
relatively small size make it a preferred instru- 
ment for general use. 

Spiral and Helix Gages. These ure ac- 
tually Bourdon tubes wound as a flat spiral, 
as illustrated in Figure 5, or asa helix, as illustrated in Figure 6, consisting of several 
turns. The elements are actually a series of Bourdon tubes placed end to end, 
thus overcoming the restricted end movement of the Bourdon tube, The theory 





Cnurtesy The Bristal Camyuiny. 


Fig. 6, Helix element for pressure meas- 
urement. 
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of the Bourdon tube is ino way affected. The greater end movement resulting from 
the summation ef the end movements of a series of Bourdon tubes is decidedly ad- 
vantageous for the movement of a pen or pointer over a wide are, since the necessity 
of amplifying the end movement, through a sector-and-pinion design is eliminated. 
This permits the spiral or helix to be connected to the pen or pointer shaft assembly 
by asimple link. All necessary umpHfieation of this movement is accomplished solely 
by the length of the pen or pointer arm, ‘The direct linkage reduces friction to a 
minimum, eliminates inertia, aud lost motion, increases accuracy and response, and 
prevents undue mechanieal failure which ean occur in the sector-and-pinion design. 





Courksy Minneapolis Honeywell Regulater Company, 
Brown Instruments Division, 


Fig. 7. Spring-and-bellows pressure gage. 


The accuracy of the spiral-type instrument, which is more commonly used in 
recording anc controlling instruments, because of its compactness and ease of manu- 
facture, can be held to +1% of the full scale, an accuracy usually ample for industrial 
pressure measurement and control. Spiral elements are usually available in pressure 
ranges from 0-6 to 0-4,000 p.si., while helical elements are usually available in pres- 
sure ranges of 0-40 to 0-10,000 p.s.i. 

Spring-and-Bellows Gages. The need for a pressure element more sensitive than 
a Bourdon tube to low pressure and providing greater power for actuating recording 
and indicating mechanisms resulted in the design of the spring-and-bellows type of 
pressure gage. The superiority of this type of element in the lower ranges may be 
appreciated from the fact that it develops 25 times as much power as some of the types 
previously discussed. This power is a result of the larger area presented by the bellows 
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to the pressure being measured. By varying the size of the bellows aud the strength 
of the springs, this type of element ean be utilized to mesure pressitres from 0-5 inches 
af water to as high us 0-75 p.s.ie@. 

Figure 7 lustrates one type of spring and bellows enclosed ina shell, the latter 
being comected to the pressure source. Pressure, acting on the outside of the bellows, 
tends to compress the bellows, moving its lower free end upward against the opposing 
force of a spring. A rod couneeted to the bottom of the bellows transmits the vertical 
motion through a suitable linkage aml converts it into pen or pointer movement on 2 
linear basis. 

In some instances, the size of the bellows precludes its installation inside the case, 
and in such instances the bellows can be mouuted on the rear of the instrument case. 

Because of the comparatively large force developed, the spring-and-bellows ele- 
ments are very sensitive. The power at the pen is high, so that these gages are classi- 
fied as “strong.” Even on the lowest pressure range there is no perceptible error, 
Spring-and-bellows elements have long life, siuce numerous testy have shown that the 
bellows and springs will withstand millions of cycles of flexing without rupture. 

The spring and the bellows material must meet rigid and various recjuirements. 
The most suitable and widely used alloy for bellows is brass. This alloy is extremely 
duetile, which aids in the manufacture of bellows, and is highly resistaut to fatigue 
stresses. However, for better covrosiou-resistant properties, phosphor bronze is 
generally used. This material is equal in all respects to brass and has the additional 
feature of better resistance to corrosion, but is more costly and as a result is not so 
widely used. Other alloys such as stainless steel and beryllium copper are also used, 
the purpose being to obtain better corrosion resistance. 

Even though the bellows may be carefully manufactured, the calibration of the 
unit is directly dependent wpon a carefully designed heat-treated spring, whieh, as 
such, is permanent in the gradicut of its stress-strain relationship. The hellows gradi- 
ent is small in comparison to the spring and does 1ot enter into the calibration of the 
unit. The bellows, therefore, serves solely as a pressure en¢losure. There are several 
advantages to this type of construction. First, the gradient of the bellows is generally 
not close enough to linear and any gage depending solely on if would not have a linear 
calibration. Second, changes of pressure ranges can be made simply by replacing 
the spring. Only one spring is used when measuring positive pressures. In the case 
of the low-pressure element for vacuum or combinations of vacuum and pressure, where 
both an upper and lower spring are required, an entirely new element must be installed 
if it is neeessary to change the range. . 

Absolute-Pressure Gage. Although the absolute-pressure gage is of the same 
type as the spring and bellows, its construction and use make it desirable to discuss it 
separately. In general, absolute-pressure gages are usec for accurate measurement 
and control of pressures low enough to be seriously affected by variations In atmos- 
pheric pressure. In measuring and controllimg the rather small absolute pressures in 
vacuums ranging from 20 to 29 inches of mercury absolute, the absolute-pressure 
gage has consistently accomplished results almost unbelievably accurate. 

To appreciate the importance of compensating for variations in atmospheric pres- 
sure, let us consider a distilling column which is to have a desired absolute pressure of 
50 mm. of mercury. When the pressure is controlled by a vacuum gage, this reading 
would be ~710 mm., provided the external pressure was actually equal to the standard 
atmospheric pressure, 760 mm. However, should the barometer rise to 775 mm., 
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the vacuum gage would react —725 mm. and the controlling mechanism would function 
to deerease the vacuum by 15 mm. or, in other words, raise the absolute pressure 
to 65 mm.---30% over the desired value. 

Figure 8 shows the construction of an absolite-pressure gage. The unit consists 
of two bellows connected m series to the pen shaft by means of a yoke. The upper 
bellows, whieh contains the achuting spring, is evacuated to a pressure of a fraction 
of Lmm. of mereury. The lower bellows is not evacuated and is connected to the pres- 
sure to be measured. Tn actual operation, as the pressure decreasés within the lower 
bellows, the resuljing upward force is decreased 
and the spring causes the lower bellows to col- 
lapse. This movement is then transmitted 
through the lever arm to the pen. The eor- 
rection for changes in akmospheric pressure is 
brought about sinee both bellows are subjected 
equilly to the atmospheric pressure, Amy in- 
crease in the atmospheric pressure would tend 
to cause the lower bellows to collapse slightly, 
and the pen to move accordingly. Tlowever, 
the sane atmospheric pressure changes also act 
at the upper bellows, tending to collapse it 
the same amount, and the resultant pen move- 
ment is zero. 

Absolute-pressure gages are available with 
brass, bronze, or stainless-steel bellows for 
ranges of 0-5 inches of mercury to 0-40 p.s.1a. 


Protection and Maintenance 


Pressure gages, regardless of their type, 
are designed to give satisfactory performance 
und longevity, Nevertheless, some degree of 
protection and necessary maintenance must be 
afforded them in order to obtain maximum 
service and efficiency. Any gauge, uo matter 
how inexpeusive, should be protected from 
Fig. 8. Double-bellows absolute-pressure — gyerload, yibration, corrosion, and rapidly flue- 

gage. (uating pressures. These enemies of the pres- 

sure gage will destroy its accuracy and cause 

excessive wear of the linkage and sector-nnd-pinion movement, not to mention damage 
to the element, itself, 

Vibration, & common cause of pressure-gage failure, resulis in rapid destruetion 
of the gave, since it affects not ouly the clement bit also the entire gage, including the 
linkage arrangement, and sector-and-pinion design, if used, The only protection from 
this is to mount the gage in such a way as to eliminate unnecessary vibration. 

A rapidly pulsating pressure may be overcome to a large extent by placing a 
shutoff valve in the line and throttling until the pulsations either disappear or become 
less severe. A more reliable method, however, is to use a specially designed pulsation 
damper, which eliminates the danger always present when throttling with a valve, of 
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the small orifice becoming clogged. Several types of these gage “snubbers,” as they 
are termed, are available, utilizing different methods to minimize pulsations. 

Corrosive flnids in atmospheres which may contact. the gauge and element either 
internally or externally will cause rapid failure of the pressure gage. Caution must he 
exercised fo prevent corrosive liquids aud gases which are being measured from ever 
contacting the elements, unless the material of the element. is selected specifically to 
withstand them. One protective method makes use of a liquid seal, which completely 
fills the measuring system, and is separated from a corrosive liquid by means of a 
diaphragm. Some use may be made of immiscible liquids ditfering in specific gravity. 
However, when a liquid seal is usec, care must be taken Lo be sure that the system 
is completely filled with liquid and that no air becomes trapped. It can be readily 
understood that if air remains in the system, it would become compressed when the 
pressure is applied, thus giving an incorrect gage reading; this, depending on the pres- 
sure span, might cause considerable error. 

Tn the measurement of steam pressures where the connection is such that steam 
condensate runs out of the line, the pressure element may approach the temperature 
of the steam and possihly be seriously harmed. To prevent this, it is generally recom- 
mended that, a single coil siphon be installed in the pressure line to trap the condensate 
in the line. 

Overload may or may not be damaging to the pressure elements, depending on 
the type of gage and its span. Nevertheless, care should be taken to prevent con- 
stant overloacl, unless the gage is designed to withstand it. Pressure regulators in the 
form of diverting relays and pop-olf valves can be uiserted in the pressure line to the 
gage. By means of a predetermined setting of these devices, the pressure will either 
by-pass the gage or be released, depeuding on the type of device used. This is ade- 
quate protection [rom pressures which might exceed the gage overload capacity. 


Electrical Pressure-Measuring Elements for High Vacuums 


For those applications where high vacuums are utilized, thermal (hot-wire) 
gages and ionization gages are available, and measurements are made electrically. 
See also Jilectronics; Potentiometry. 

Thermal High-Vacuum Gage. This operates on the principle that the heat loss 
from a hot coil of resistance wire or fram a hot filament varies as the pressure changes. 
Below 1 mm. of mercury down to 1 micron, approximately, the variation in heat loss 
with changes in pressure is relatively large. Thus, an accurate and reliable basis for 
the measurement of pressitre within this range is provided. 

As shown in the two schematic wiring diagrams, Figures 9 and 10, there are two 
variations of the thermal-type gage. In the resistance-type gage (Fig. 9), the heat 
lost by the coil of resistance wire which coustitutes the sensing element is indicated 
directly by changes in the resistance of a leg in the bridge circuit of which it is an in- 
tegral part. On the other hand, in the thermocouple-type gage (Tig. 10), the heat lost 
by the filaments is measured by a thermocouple arrangement. 

In the resistance gage (Fig. 9), a tube with a resistance coil is sealed off at a pres- 
sure considerably below 1 micron to form a compensating cell. The coil is so arranged 
that changes in its resistance which are due to temperature fluctuations rather than 
to pressure variations will balance the corresponding changes in the measuring-cell 
resistance. The remaining two arms of the bridge circuit are equal fixed resistances. 


98 PRESSURE MEASUREMENT 


When power is supplied to the bridge cirenit, the coil m the measuring cell is heated. 
The resistance of this coil varies with its temperature, which is governed by the heat, 
lost from the filament. Since this heat loss is proportional to the vacuum tn the meas- 
uring cell, the resistance of this coil is determined by the pressure. 
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Fig. 9. Cirenit of resistance-type thermal gage. 
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Fig. 10. Circuit of thermocouple-type thermal gage. 


Tn the thermocouple gage (Fig. 10), four filaments are each continuously and wii- 
formly heated. Two of these four filaments are in a reference chamber which is sealed 
off at a pressure of approximately 1 micron, while the other two filaments are in a 
measuring chamber exposed to the vacuum under measurement. A small sensitive 
thermocouple is situated on each of the four filaments and connected so that the two 
in the reference chamber are in series and the two in the measuring chamber are in series. 
In this way, sufficient e.m.f. is obtained. These two sets of thermocouples are con- 
uected so that their em.f’s oppose one another. The difference between the two 
opposing e.m.f.’s is a measure of the difference in pressure between the reference cham- 
ber and the measuring chamber. From a pressure of 1 micron up to 500 microns, 
this emf. varies from 0 to about 19.2 millivolts and can be accurately recorded by a 
potentiometer calibrated in terms of pressure. 
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Ionization (hot-filament) gages are available for pressures betayveen 0 absolute 
and 1 micron of mercury. 

As shown in Figure 11, the gage is essentially a triode tube whose electron emission 
from the cathode is held constant by a bridge cireutt in order to attain accuracy. 
Islectrons emitted from the cathode are attracted to the grid, which is maintained at a 
high positive potential with respeet to the cathode, and are carried on past. the grid 
toward the plate by their own momentum. The plate, which is held at a negative 
potential with respect to the grid, repels the electrous and drives them among the mole- 
cules of the residual gas. As a result, the gas molecules are subjected to bombardment 
by the electrons, and ious are thus formed. The positive ious are attracted to the plate. 
Consequently the current flow to the plate is proportional to the number of ions 
formed. Since this current flow is directly proportional to the number of molecules 
preseut in a given volume, and therefore to the pressure of the gas, the amount. of the 
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Fig. 11. Ionization gage. 


current flow is a measure of the pressure. A recording potentiometer is used to amplify 
this current in terms of absolute pressure after the necessary preamplification. 

Similar to hot-filameut ionization gages in principle are those employing radio- 
active material to emit the electrons necessary to bombard the residual gas in an evacu~ 
ated system. These gages provide effective vacuum measurements over a much wider 
range (1 micron to 10 mm. of mercury), since there is no filament to be damaged when 
the gage is exposed to pressures above approximately | micron of mercury. 
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Mauy chemical reactions are carried out wader positive pressure. This article will 
be limited, however, to those cases where the pressure iivelved may be termed. “high 
pressure.’ There is no sharp dividing line between what may be considered low and 
high pressure. Many authorities have arbitrarily chosen 750 p.s.i, as the dividing 
line, and this figure will he used here. In other words, only those chemical operations 
conducted above 750 p.s.i. will be meluded. 

The applications of high pressure in the chemical process industries, the methods 
of calculating equipment size, the materials of coustruction used, and the types of 
equipment utilized in high-pressure work will be covered briefly. 

There are 2 number of reasons for using high pressure in the chemical process 
industries. Dodge (5) has classified these into seven groups: (7) production or maiu- 
tenance of a liquid phase; (2) shifting of chemical equilibrium; (3) storage of gases; 
(4) increase of chemical reaction rate; (4) increase of gas solubility; @) separation 
of liquids from solids; (7) compacting of powders, extrusion, and related pressing 
operations on powders (see Hydraulic systems), 

Of these groups, shifting of chemical equilibrium and increase of reaction rate 
are the most important in the majority of cases, 

Production of ammonia (q.v.) by the direct reaction of nitrogen aud hydrogen was 
the first large-scale use of high pressures in the chomical industry. The quantity 
of ammonia present in equilibrium with nitrogen and hydrogen is practically nil at 
atmospheric pressure but becomes cousicderable when the pressure is above 200 atm. 
Also, the rate of formation of ammonia from the gases increases with pressure (eata- 
lysts are used commercially to merease this rale even more). Hence, ammonia, is 
produced commercially at pressures usually ranging between 350 and 1000 ati. 
The optimum pressure for wry particular plant is determined by the economics of 
the operation: the inerersed cost of compression for higher pressures is balanced 
against the decreased size and cost of equipment. Such an economic balance is in- 
volved in essentially all chemical high-pressure work. 

Since the original development of synthetic ammouia, a whole host of chemicals 
have been produced under high-pressure conditions. Methanol (g.v,) is produced 
from carbon monoxide and hydrogen in equipmertt similar to that used in ammonia 
synthesis. Often the same wit can alternately produce both. By slight variation 
of the catalyst composition and the reaction couditions, a host of alcohols higher 
than methanol can also be produced at the same time as methanol. Under some con- 
ditions isobutyl alcohol is a major. constituent, 

Urea (g.v.) is produced by high-pressure (200-400 atm.), noncatalytic reaction. 
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of carbon dioxide and ammonia. Acetie and propionic acids are produced by catalytic 
reaction of alcohols (methanol and ethanol, respectively) with carbon monoxide under 
high pressure. By varving the conditions and catalyst, methanol and carbon mon- 
oxide react to form methyl formate, 

Hydrogenation (¢.v.) is often carried out at high pressure, usually catalytically. 
Natural oils such as coconut and castor oil are hydrogenated at pressures up to 350 
atm. (sce Fats and fatty oils). Nitviles ave hydrogenated to amines under pressure; 
for example, the hydrogenation of adiponitrile to hexamethylenediamime, the nylon 
intermediate. Aromatics are hydrogenated to alicyclics under high pressure, 

Two recent high-pressure developments are the oxo process, originally developed 
in Germany, and production of polyethylene, discovered in England. In the oxo 
process (see Ovo and oxyl processes), one mole cach of an olefin, hydrogen, and carbon 
mononide react catalytically to form an aldehyde, the reaction taking place at about 
300 atm. commercially. The aldehyde muy then be hydrogenated to the alcohol. 
Trimethylhexanol and isooctyl aleohol (6-methyl-l-heptanol) are among the products 
being produced commercially this way. Production of polyethylene {(q.v.) followed 
the discovery that the ethyleuc linkage could be polymerized to high-molecular- 
weight polymers if the reaction were carried out at high pressure in tlie presence of 
minute quantities of oxygeu-donor catalysts. Lower pressures resulted in paraffin- 
like waxes. Pressures of 1500-2000 atm. are used in Lhe commercial polyethylene pro- 
duction. Another recent high-pressure development, is direct hydration of ethylene 
to ethauol, using a pressure of about 1000 p.s.i, and a phosphoric acid catalyst (sec 
Alcohol, industrial). 

A number of processes in the refining of petroleum (q.v.) use high pressures. 
Hydrogenution of various stocks is widespread, the pressure generally used being 
3000-5000 p.s.i. The largest use of high-pressure hydrogenation during World War IT 
was in the production of isooctane as a blending agent for aviation fuel. High-grade 
Diesel fuel can be made trom low-quality gas oils by hydrogenation. Catalytic poly- 
merization is another use of high pressures in refining, Propylenes and butylenes are 
polymerized to gasoliue at 1000-1200 p.s.i. In another process, the Isomate process, 
pentanes anc hexanes are isomerized at about 800 p.s.i. with a catalyst consisting of 
aluminum chloride. In both adsorptive and absorptive drying of gases, the pressures 
used by the petroleum refiner reach the high-pressure range, 750-1000 p.s.i, Pressures 
as high as 1500 p.s.i. are used to recover the higher-molecular-weight portions of natural 
gas, while injection plants for recycling natural gas back into the ground run as high 
as 5000 p.s.i. Natural-gas pipe lines also reach the high-pressure range. 

~ One of the largest new applications for high pressure in the United States is hydro- 
genation of coal (see Hydrogenaiton). The U.S. Bureau of Mines demonstration plant 
at Louisiana, Mo., is hydrogenating coal at pressures up to 1000 atm. One commercial 
plant, although termed a pilot plant, is hydrogenating about 300 tons of coal per day 
at pressures ranging up to 6000 p.s.i. Here the aim is to obtain chemical products 
rather than a liquid fuel. Among the chemicals to be produced in this plant are ben- 
zeue, naphthalene, phenol, cresols, xylenols, auvilme, toluene, xylenes, toluidines, 
indole, xylidenes, alkylpyridines, and quinoline. 


Design Calculations 


Designing equipment for high-pressure applications is done empirically rather 
than through the use of developed formulas and correlations, with the possible ex- 
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ception of determining vessel wall thickness. ‘The latter usually involves one or 
more of the derivations of the Lamé equations aml is too detailed to cover bere. Tor 
discussions of such calculations the reader is referred to the codes on wifired pressure 
vessels developed by the A.S.M.E, and A.P.T. (1), and articles by Dodge (5), Maccary 
and Fey (6), and Comstock (2). Design and seals for rotating and reciprocating shafts 
has been discussed by Coopey (3). The extent to which high-pressure design calcula 
tions are empirical and based on experience may be illustrated by a quotation from 
Coopey (3): “The design (for auy partimlar case) would be based pretty much on 
know-how and judgment. Aside from figuring for the pressure sustaming portion of 
the unit, there are too many variables to mule use of any calculations. The answer 
would be only as good as the assumptions.” — For this reason, liberal use of illustrations 
has been made to indicate typical commercial design practice, 


Materials of Construction 


Vessels and other equipment for high-pressure work are builé almost exclusively 
of steel. No other material has comparable strength characteristics at reasonable cost. 
Where corrosion resistance is necessary, vessels may be lined with other metals or 
materials, but usually corrosion-resistazt alloy steels are used instead. Plain carbon 
steel is used for many noncorrosiol applications where pressures are moderate, Such 
steel has an ultimate tensile strength of 60-80,000 p.s.i. In many cases, however, 
the higher cost of an alloy steel is justified by the increased tensile strength, which 
may run as high as 100,000 p.s.i., and the increased yield point. Tn many high-pres- 
sure applications, hydrogen is either a starting material or a reaction product. Under 
pressure, hydrogen attacks the carbon in plain carbon steel, resulting in failures. Such 
failures due to hydrogen attack were common in the early days of ammonia synthesis. 
By using a steel contuining little carbon and alloyed with chromium and nickel, 
sometimes with small amounts of vanadium, molybdenum, and tungsten, hydrogen 
attack can be essentially eliminated. When it is necessary to deal with relatively 
high temperatures as well as high pressure, larger quantities of chromium and nickel 
are used. Also, where low-temperature conditions are encountered, high-alloy steels 
are used. Carbon steel and low-alloy stecls tend to become too brittle. Copper, 
nickel, and nickel alloys such as Monel are also used for low-temperature service. 
Nickel steel (815% Ni), 18-8 stainless steel, and chrome-copper-nickel steels may be 
used at temperatures as low as —L50°R,, but techniques for welding dissimilar mate- 
Vals are au important factor. Timed fused scetions of ahiminum are uow being used 
at temperatures down to ~240°R, 


Vessels for High Pressure 


High-pressure vessels cai be considered from several angles: the method or type 
of construction, the use to which they will be put, and whether they are in effect vessels 
or, more accurately, long tubes. The method ar type of construction will be con- 
sidered first. 

Most high-pressure vessels are heavy-walled stcel units, ranging in size from small 
high-pressure shaker tubes to huge reactors several feet in diameter and 50 feet tall. 
Both the size and the pressure involved will dictate the type of construction used. 
In general, there are five types of construction used fur pressure vessels: (/) 2 solid-- 
walled vessel produced by forging or boring a solid rod of metal; (2) a bent sheet of 
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metal with a single longitudinal weld; (3) a vessel built up of several layers, cither by 
shrinking on successive cylinders one over the other, or by welding the successive 
cylinders under stress; (4) a vessel built up by a wire wiiding around # central cylin- 
der; and (5) a vessel built by wrappmg a central cylinder with successive layers of an 
interlocking tape. Of these possibilities, the first 
three have been of major importance in the United 
States. 

Considering size ag a limitation alone, small 
vessels are almost always of solid construction. In 
very small sizes, such vessels are merely sections of 
heavy-walled tubing, In general, solid construction 
predominates in vessels less than 12 inches in diam- 
eter. In the larger vessels competition between the 
manuacturing methods becomes important. In 
considering large vessels, the place of each method of 
construction is not clear. For similar applications, 
different companies will choose different methods, 
aud there is no unanimity of opinion on the merits of 
the methods. 

Solid Forging. Probably more high-pressure 
vessels have been built by solid forging than by any 
other method. The method is straightforward, 
equipment is available and formulas are available for 
calculation of required wall thickness. Basically 
there is only one limitation to the use of such ves- 
sels, other than the economic competition with other 
methods. The limit is on the size of vessels of this 
type and is set by the forging capacity available. Thi 
the U.S, this limit is a weight maximum of about 100 
tous, A typical high-pressure unit is the coal-hy- 
drogenation unit shown in Figure 1. The converter 
vessel is a solid forging and the dimensions sre: 
height, 39 feet; I.D., 32 inches; and O.D., 4913 inches. 

Welded Vessels, Vessels built of a single sheet, Fig. 1. Vapor-phase coal-hydro- 
bent and welded longitudinally, are very common _ genation unit usedat the U.S. Bureau 
for use at lower pressures, ‘To some degree they are of Mines at Louisiana, Mo. (7). 
limited hy the strength and adequacy of the weld, 
but they are limited more by the thickness of the steel sheet which must be bent, a 
maximum of about 6 in. In general there are few applications above 4000 p.s.i, 
although this construction predominates below that pressure. 

Layer Construction. Construction of a heavy wall in layers has several advantages, 
the major one of which is that there is uu limitation on the vessel size. One method 
of construction 1s as follows: 

Fach layer, usually in half-sectiou, is progressively wrapped by mechanical means 
around an inner cylinder 1g to 14 in. thick. These layers are then welded together 
wt the longitudinal edges. Rings are inserted in the ends to hold the inner shell round 
while subsequent layers are added. These subsequent layers are generally less than - 
dyin. thick. The combination of the wrapping load imposed plus the weld shrinkage 
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tends to produce compression in all of the layers except the outer layer, which is in ten- 
sion. In theory the successive wrapping with tension on the new liver produces a stress 
inward throughout the eylinder wall when there is no pressure on the vessel, Then, 
when the pressure is applied, the stress relationship tends toward normal. This should 
permit the use of « thinner wall on the vessel, and hence less weight to the finished 
nit. 

Wrapped Vessels. One of the more interesting developments in pressure-vessel 
fabrieation came about just before World War IL. It was developed in Germany 
and is generally termed the Wickelhofen method. The method can be cousidered 
esscitially a variation of layer-liype vessels in that the cylinder wall is prestressed and 
tends to assume a neutral stress when the vessel is under pressure. The vessel is 
bnilt as follows : 

An inner cylinder is placed ou a lathe, with the ends of the cylinder suitably 
supported by rings. The cylinder is then wrapped with a tape, which is grooved with a 
series of grooves that will mterlock with succeeding layers of tape. The suececding 
layers are offset from the preceding ones to tusure an effective interlock aud produce 
axial strength. As the tape is wound on the cylinder it is electrically heated to 600- 
850°C. and is cooled to atmospheric temperature just alter being pressed onto the 
preceding layer. The shrinkage due to the drop in temperature sets up the stress 
within the vessel wall. 

Economics. The relutive economy of these four types of vessels depends on the 
application. In general, (/) welded vessels should not be used above 4000 p.s.i.; 
(2) layer vessels are more economical in the 5000-6000 p.s.i. range; (2) forged vessels 
are most economical above 7000 p.s.i., and layer vessels are used if the vessel is larger 
than 100 tons tolal weight; (4) tape-wound vessels are a somewhat unknown quantity 
and probahly will compete in the upper pressures, above 5000 p.s.t. Tn choosing a 
vessel for the higher pressures, i is usual to obtain quotations on both the layer and 
forged types. The degree to which equipment is tied up on other orders will sometimes 
indicate which of the types is most economic, rather than any mechanical advantage 
that one or the other type has. 

Ta considering vessel manufacture, one other method deserves mention. The 
advantage of prestressing in laminated and tape-wound constructions was indicated 
above. There is another technique for obtaining prestress that up to now has 
not been commercially used for chemical pressure vessels, uamely, audofrediage. Tn 
this technique, extreme internal pressure is applied to a solid forged vessel. Such 
pressures are used that the internal diameter increases up to a maxinuim of 215%). 
When the pressure is removed, the elasticity of the metal puts the inside layers of the 
vessel under an inward stress, giving a prestressed condition similar to that obtained 
in layer construction, The autofrettage method has been widely used in building 
gun barrels with eutofrettage pressures of the order of 100,000 p.s.i. However, there 
are considerably differing opinions in industry on the application of autofrettage to 
commercial vessels, Some think that it will assume considerable importance; others 
are doubtful because of the difficulty of calculating the prestress obtained on the ends 
of vessels and around. the heads and connections. 


Reactors 


In general, there ure three cifferent uses for pressure vessels: reactors, separators 
or receivers, and heh exchangers. Reactors can be classified several ways. First, 
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there is the difference between hatch and continuous reactors. Continnous reactors 
can be divided into those which are actually vessels and those which are more accu- 
rately described as tubular. The latter ave almost never operated batchwise. 

Most batch reactors are termed autoclaves. Commonly an autoclave is a vessel 
with an integral bottom and with a removable head, containing entry for materials 
to be reacted, heating and coolmg media, and offen 2 means of agitation. Since the 
vessel wall is thick, heating and cooling is usually obtained by the use of coils within 
the vessel. Agitation is usually by means of propellers (or veined disks, etc.) on a 
rotating shaft which passes through the head. In laboratory auteclaves (shaker 
tubes) the agitation is often accomplished by shaking the entire vessel. Reactors such 
as this are often used in reactions between a liquid and gas, particularly if the catalyst 
used is solid, Many natural-oil hydrogenations are carried out in this way. ‘The 
catalyst is held as a slurry in the oil, and the unit is pressured with hydrogen. Hydro- 
gen is continuously adcled to the unit to maintain a constant pressure, the rate of gas 
addition slowly falling off as the reaction becomes completed. 

One of the problems that usually affects design of continuous reactors is the tem- 
perature. In general the temperature of a vessel wall should he maintained below 
200°C., and preferably no higher than 100°C. However, the temperature of ammonia 
synthesis may be as high as 500°C, and coal hydrogenation operates at about the same 
temperatiure. Vessel walls would have to be much thicker if subjected to these tem- 
peratures, and “ereep™ could be a serious factor. Also, hydrogen attack is a more 
serious problem at higher temperatures. 

There are two usual methods of maintaining cool walls: (1) Internal insulation 
is used by the Bureau of Mines in its coal-hydrogenation conv erters. These converters 
have a 38-inch lining of asbestos cement. (2) Ta ammonia and methanol converters, 
cool incoming gas is passed nlong the wall. This technique can only be used with 
internal heat exchange to bring the gas to reaction temperature. ‘The usual ammonia 
or methanol converter contains a catalyst basket, a heat exchanger, an electric start-1p 
heater, and a “cold shot’’ counection, The cool incoming gas passes down the pe- 
riphery of the shell, up through the heat exchanger ancl through tubes in the catalyst 
bed, down through the catalyst, baek throngh the heat exchanger the other way, and 
finally out of the reactor. The electric heater is used during start-up to bring the gas 
up to reaction temperature. The ‘cold shot” is a by-pass connection for sending cold 
gas directly to the catalyst bed, hence controlling overheating. A great number of 
designs have heen used, aimed at obtaining a greater catalyst volume in # given reactor 
volume as well as at alow pressure drop. 

Tubular high-pressure converters are entirely different. They are usually used 
where the catalyst is gaseous or liquid, and where considerable heat of reaction must. be 
removed. The contents are agitated by the turbulence of the gas and/or liquid stream. 
Heat transfer occurs through the walls of the tube. In fact, the whole converter may 
be built like a double-tube heat exchanger. There have not been many applications 
of this type of converter, but one is worth considering: production of polyethylene. 
Although it is the newest and most interesting recent application of tubular converters, 
little hag been published about ethylene polymerization. ‘The patent literature, 
however, is quite complete and indicates the processing techniques. ‘The polymeriza- 
tion reaction has certain characteristies which tend to dictate the type of reactor used. 
The pressure involved is usually over 500 atm., the temperature is near 200°C., the 
reaction is exothermic, and the catalyst used is oxygen. 
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An indication of the type of converter possibly used can be gained from a patent 
(8): - 

“The polymerization of ethylene was conducted is pressure-resisting tube having 
an internal diameter of 97 in., an external diameter of 11. in, and an overall length 
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Pig. 2. Two separators used by the U.S. Burean of Mines coal-hydrogen- 
ation plant at Louisiany, Mo,: (a) low-temperature separator; (0) high- 
temperature separator (7), 


of 88 ft. Means were provided for the introduction of materials into the reaction zone 
at a point 12 ft. from the entrance of the tube, at a second point 1714 ft. from the 
first and at a third point spaced 2114 ft. from the second, Ethylene containing 20 
parts per million of oxygen was introduced at a rate of 17 Ibs. per hour under a 
pressure of 1,000 atm. into the entrance of the converter together with 18.1 pph. of 
benzene, and water at the rate of 25.4 pph, containing 100 parts per million of oxygen 
and preheated to a temperature of 179 deg. C. There was introduced into the con- 
verter at the first poimt after the entrance water at a rate of 26.4 pph. containing 100 
parts per million of oxygen and heated to 2 temperature of 172 deg, C.; at the second 
point water at a rate of 22.2 pph., contaming 85 parts per million of oxygen and at a 
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temperature of 172 deg. C.; and at the third point water at a rate of 25.4 pph., con- 
taming 100 parts per million of oxygen and heated to a temperature of 176 dee. C. 
The tube was initially brought to reaction temperature of approximately 100 cleg. C. 
by external heating means. The reaction products issuing from the tube were con- 
tniuously let down to atmospheric pressure and the polythene recovered, 17.1 percent 
of the ethylene being found to be converted into polythene. This proeess may and 
has been rendered continuous by recompressing the unconverted ethylene anid re- 
introducing it continuously with ‘make-up’ ethylene into the converter.” 


Separators 


Another common type of pressure vessel is the separator. In many contmuous 
high-pressure reactions buth a gas and liquid phase are present in the product. stream. 
The liquid may be the reaction product of a purely gaseous reaction, as in the synthesis 
of methanol, or it may be one of the reactants, us In coal hydrogenation. 

Design of high-pressure separators involves the same prublems as a low-pressure 
separator—a means of introducing the mixture into the middle of the unit, allowing 
time for separation, aiding it with centrifugal action if needed, removing gas from the 
top, and removing the liquid from the hattom. Two desigus used by the Bureau of 
Mines are illustrated in Figure 2. One of the separators is operated at high tempera- 
ture, 500°C., and the other at low temperature. Both operate at approximately 
10,000 p.s.i. The low-temperature separator needs no interior insulation, and has a 
wear plate. The high-temperature separator has inside insulation and a hydrogen 
bubbler at the bottom to prevent coking. The real problem in designing and operating 
high-pressure separators is to determine and control liqnid level. The methods used 
by the Bureau of Mines will be discussed later. Another problem, as in low-pressure 
separators, is erosion. This can be selved by replaceable wear plates, as shown in 
Figure 2(a). 


Heat Exchangers 


The problem involved in designing high-pressure heat-exchange equipment is the 
thickness of the metal wall required to withstand the pressure. This often tends to 
cut down the heat-transfer rate considerably, even though most of the resistance is in 
the film coefficients. Also, the thick walls are costly in themselves. 

The result has been that high-pressure exchangers are usually of the double-tube 
type. This is almost always true when strictly heat exchangers are involved, not 
coolers or heaters. The reason is that the central tube has no more pressure across 
it than the pressure difference in the equipment betaveen the heating and cooling ma- 
terials. An example of this type of exchanger is the liquid-phase exchanger of the 
Burean of Mines, in which the outside pipe has an O.D. of 4/2 in. and a wall thickness 
of 1.005in. The O.D. of the mner tube is 114 in., but its wall thickness is only 8 gage. 
The overall pressure used is 10,300 p.s.i., but only a ciffereutial pressure is involved 
across the internal pipe. 

With coolers, on the other hand, there is some question of the relative economics 
between a double-tube and a shell-and-tabe-bundle type, The Bureau of Mines uses a 
double-tube cooler which reduces a gas stream from about 600 to 120°F. by counter- | 
current exchange with water. The water runs in the jacket and the gas through the 
inner tube. The mit consists of 16 vertical jacketed hairpin coils with 12-in. tube 


L08 PRESSURE TECHNIQUE 


centers and about 42-ft. overall length. The inner tubes of the unit are [ef in. in 
diameter with 8 gage wall thickness, while the jackets are 6 in. in diameter, Schedule 40 
carbon steel pipe. A competitive shell-and-tube unit, which follows commercial 
German design, consists of 54 tubes of 12¢-in. O.D. and 13q-in. 1-D., each 50 ft. long. 
They are spaced on 134-in. centers and are enclosed in a water shell of 14)4-in. ID. 
There are no baffles or lateral supports for the tubes, the unit being installed vertically. 

Tn considering heat exchangers, the radiant-lype preheater used hy the Bureau of 
Mines is worth noting. The problem involved is that of preheating a paste of oil, 
ground coal, and catalyst from 250 to 816°P. Some hydrogen is added to reduce the 
viscosity of the paste. Pressure within the wut is 10,800 p.s.i Slandard German 
practice for these prehcaters was to build them of finned tubes with heating by con- 
vection rather than radiation. The design gives excellent heal control with little or 
no danger of overheating and consequent coking inside the tubes. Tlowever, applica- 
tion of fins to high-pressure tubing is a difficult welding job and the Bureau turned to 
radiant heating instead. TExtruded fins on tubes are now available. One major 
problem in designing the radiant preheater was the sudden rise in viscosity of the paste 
at about 600°F. ‘This was solved by adding hot hydrogen and recycle oil to the paste 
to raise the temperature of the mixture beyond the critical point. 

Another problem, of more importance to generul high-pressure design, was the 
prevention of overheating. This was done, first, by putting « steam jacket around the 
high-pressure tubing. Hence heat flow must go through the jackel, the steam, and the 
tube before reaching the paste. Furthermore, lent densities were maintained at, a 
low figure, 2700 B.t.at/(sq.ft.)(hr,) mm the hottest section. The drip cooler is a very 
common type of cooler or condenser for use at high pressure. This unit is commonly 
used as the aftercooler for high-pressure compressors and also as the condenser after 
the converter on ammonia aud methanol units. 


Closures 


Methods of sealing pressure in a vessel or pipe are one of the most important 
aspects of high-pressure design. Involved are sealing arcas ranging [rom extremely 
small pipe connections to the heads of huge couverters. Because of this importance, 
a great deal of work was done during the early period of high-pressure work. There 
has been little change in the techniques used in recent years. Closures fov sealing at 
high pressures have several requirements, and the best designs are a compromise. 
An ideal closure should tighten up easily (not require sledging of heavy bolt wrenches) 
and should be light, easy to machine, and cheap. It should seal the pressure positively, 
but it should be easy to open and remove for maintenance. The combination of all 
of these requirements makes designing a closure difficult. Two types of closures used 
for large heads are shown in Figure 3. 

One of the simplest closures is the delta or triangular type of gasket (Fig. 3(a)). 
The delta gasket is an “unsupported area” type, Its seal depends on the pressure in- 
side the vessel, rather than on any external pressure applied by bolting. The method 
by which it seals is shown by the broken line. The chief advantages are economy and 
ease of vessel opening—there is no place for the gasket to stick if it is properly designed. 
Tt was developed by Tk. I. du Pont de Nemours & Co. about 1940. 

Another popular closure for large units is a modified Bridgman closure (Tig. 
3(b). Like the delta gasket, it is self-sealing, As can be seen in the illustration, the 
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pressure forces the floating head up against a retainer ring, squeezing a somewhat 
triangular gasket into the space between the floating head and the vessel wall. The 
seal obtained is excellent. This design has been used ov most: of the ammonia plants 
inthe TS. 

This type of closure has two disadvantages. First, it requires rather precise 
machining, and a considerable amount of it. This tends to make the initial cost high. 
Second, the gasket has a tendency to extrude into the space between the wall and the 
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Fig. 3. High-pressure closures for large heads: (a) delta gasket; 
(b) modified Bridgman closure (7). 
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head. When it docs so it may cause the head to stick, hence making maintenance more 
difficult, Various modifications have considerably improved this condition, one 
method using a circular gasket (in cross section) of slightly harder material than thehead 
or wall, A major advantage of this closure is that it requires no heavy bolting for the 
head. Heuce in restricted areas, where it is difficult. to sledge bolts, the closure has 
areal advantage. 

The wave ring, the O-ring, and the lens ving, which are shown in Figure 4, are 
effective closures for small heads and piping. 

The wave ring (Hig, 4(a)) is another type of close which has been used in pipe 
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joints, particularly in England. The ring is made of a material that is harder than the 
flange or vessel. It is self-senting. 

Another joint is the O-ring (Fig. £@)). This development is rather new and 
stems primavily from work done on aireraft duriag World War II. In this seal the 
gasket is a synthetic-rabber ring, which is retained in a groove in one of the two faces 
to be sealed. It is claimed that this joint has sealed pressures as high as 20,000 p.s.., 
even under extreme vibration and repeated mpulsing. Leather back-up rings can 
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Fig. 5. Four methods for sealing reciprocating shafts for use at high pressures (4). 












algo be usec. Synthetic rubbers are available that make this joint satisfactory at 
temperatures ag high as 250°F, 

There are literally hundreds of other closure designs, far more than can be eon- 
sidered here. Most of them are slight modifications of the above, or have proved 
impractical or uneconomic in commercial work. 

For smaller closures, such as pipe joints, the lens ring (Fig. 4(c)) is often used. 
The Bureau of Mines is using them in its coal hydrogenation plant, following German 
practice. Four reasons are given for choosing this joint: (/) the gasket seating surface 
is closer to the center line of the pipe, which tends to reduce bolt load, and hence Mange 
thiekness; (2) the joint is essentially self-sealing; (8) the narrow contact width which 
is duc to the two spherical surfaces, gives high seating pressures; (4) perfect aligument 
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is not necessary. In all cases, the Bureau has used a ring material not quite ag hard as 
the flange material. For larger pipe sizes (1-in. diameter aud greater) a bellows- 
type lens ring has been used (not shown in Figure 4). The ring is made hollow and the 
entire inside pressure gets inside the ring, tending to give even greater sealing pressure. 
The bellows type is also claimed to give better flexibility when dealing with high 
temperatures, Lens rings have also been used for vessel closures, and other places 
where larger rings are required than on normal piping. They have been used in sizes 
up to 24 in. with excellent results, although some feel this is too large for satisfactory 
economical results. The important problem with lens rings is that they require careful 
machining of both the rings and the flanges, This machining tends to make the lens 
ring a high-cost product. 












Lewapressure Side 












doncpressurd gicse 


tow~ 
Boks a 
ae pon 
Pain... : fuéncation “hing 
searing p Oring i isté‘is*CSRN efernant 
High- Nigh 
Metal pressure Metal pressure 
Potking . | tedrication packings. lueration 
elements “Te : olexient 
Sressure~ Beliavitle 
P N SS ay -bolancin »sprin 
Onninge a... " Prise nate wag te 7 id 
Pressure f D HMigh~ 
i Se pressure 
aonnection pressure connecter: head! 





High-pressure side High-pressure side 





— 
(a) (a) 


Fig. 6. Two methods for sealing rotating shafts for use at high pressures (3). 


The closures which have been described, as well as others, have been applied in 
many problems of high pressure. Aun example is the sealing of shafts at high pressures. 
Your methods for sealing reciprocating shafts for high-pressure service are-shown in 
Figure 5, while Figure 6 shows two methods for sealing rotating shafts. In Figure 
5, the high-pressure side 1s shown at the left for all closures. In Figure 6(a) the seal 
depends on the introduction of Inbricant at process pressure between two packing 
rings. In Figure 6(b) there is balanced pressure acrogs the lower packing element. 
The balancing hole in the spring should be noted, 


Valves 


One of the major problems in high-pressure «lesign is that of satisfactory valves. 
At pressures below 5000 p.s.i., this is fairly easy since designs can follow ASA standards 
and are generally available from stock, Standard valve designs are not available for 
use at higher pressures, but; there are companies which design and produce such valves. 

Valves may be discussed on the basis of either pressure or use. In pressure, there 
is a definite dividing line, between 2500 and 5000 p.s.i. At the lower pressures, valves 
are made from steel castings, have integral flanges, and are either of globe or of angular 
construction. They retain pressure in the body by means of a gasket between bonnets 
and blind heads and bodies, wid have screwed-in replacement seats, At pressures above 
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5000 p.s.i., special valves are required. The higher-pressure valves are made from 
solid forgings, and are almost always of angle construction to eliminate one joimt. 
They retain pressure by using a bonnet of the pressure-scaled type, using the pressure 
within the valve to achieve the seal. Threaded-on flanges ave used and seats are not 
threaded on but are held in place by the boliing of line flanges. 

High-pressure valves can also be classified by use. The Bureau of Mines con- 
siders four classes: shutoff valves, cheels valves, throttling valves, ancl relief valves. 
Examples of these four types of valves are illustrated in Figures 7-10. ‘The designs 
are fairly conventional and presented no particular problems, except for the high- 
pressure throttling valve. The throttling valve shown iu Figure 9 lets down a slurry 
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Fig. 7. Shutoff valve. It has a Fig. 8. Check valve. It has 
Stellite insert. and removable seat, ancl a tear-drop shaped, hollow cisk 
is self-sealing in operation (7). of Stellite guided by three Stel- 


lite vanes (7). 


of hot material from 10,000 to 100 p.s.i. The material going through the valve con- 
sisty of the viscous oil from the first stage of hydrogenation, the suspended solid cata- 
lyst particles, and adsorberl gases. As the mixture passes through the valve, the ad- 
sorbed gases desorb and expand 700 tines, increasing the velocity and giving an ex- 
tremely abrasive effect within the valve. The Bureau of Mines describes the valve 
as follows: 

“The severe throttling valve is built in two forms: hand operated or automatic 
diaphragm type. In construction it is similar to the German ‘Patroneuvertil’ or 
cartridge valve. As the name indicates the target plate is removable, somewhat like a 
rifle cartridge. Parts subjected to severe abrasion are made of hardened material: 
Keunametal disk and seat insert, Exelloy disk holder hardened to 400 Brinell, and 
Stellite-lined target plate. ‘The removable cartridge disk is attached to the bottom 
of the valve stem hy the screwed-on disk holder, and is backed wp by a clhrome-vana-~ 
dium steel spring to protect the brittle Kenuametal tip and seat from damage by ex- 
cessive pressure applied to the stam. The lock wats ou the stern above the yoke bush- 
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ing serve a similar purpose. The Kennametal outlet nozzle, forming the seat, is of the 
veuturi-type to minimize cavitation or erosion at high velocities. ‘The outlet nozzle 
discharges into an expansion chamber, the removable bottom of which, called ‘target 
plate,’ is made integral with the outlet flange lens gasket. The jet from the outlet 
nozzle impinges upon the Stellite-lined, concave spherical surface of the target, and 
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Fig. 10. Relief valve. It is 
spring-loaded with a Stellite-faced 
seat, and is designed] for use at 
10,900 p.s.i. and 300°F*. (7). 





Fig. 9. Throttling valve (7). 


is discharged through the target outlet, drilled eccentrically to the target face. Most 
of the gas entrained in the liquid is liberated in this expansion chamber and eventually 
separated from it in the let-down vessel, or receiver.” 


Instrumentation 


Instrumentation for high-pressure operation has had consicerable recent develop- 
ment, (See Fhe mechanics (flow measurement); Instrumentation; Pressure measure- 
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ment.) Flow control at high pressure is still somewhat of a problem, although the 
situation is much improved. One major problem is that of turming high-pressure 
valves and having them hold at intermediate positions. This has been solved at least 
partially by the use of Teflon packing. The major difficulty today is the satisfactory 
measurement of pressure drop. If this is achieved, conventional flow controllers are 
satisfactory. 

Bourdon tubes, whieh have an accuracy of 2-3%, ave used for most pressure meas- 
urements. For normal checking of operating pressure such an accuracy is sufficient, 
but when dealing with differential pressures over an orifice it is not sufficient. Among 
the other methods, the most common is a high-pressure mercury tube manometer. A 
float on the mercury is attached by a vertical rod to an armature in an inductance coil. 
Vertical movement of the armature causes 2 change in electrical conditions which can 
control flow. Another method of flow measurement is the Slatham element. The 
unit operates on the principle that stretching or compressing a wire causes changes in 
its electrical resistance and that such a change can be a measure of the force actmg 
upon the wire. For flow measurement the clifferential pressure across the orifice plate 
is connected to the element in such « way that a force in one direction is created on 
four wires in the clement. he wires are arranged so that two tend to be stretched by 
the force while the other two are compressed. Thus an appreciable resistance change 
is created which can be measured by a potentiometer, 

Liquid-level control is another variable whose measurement has been difficult. 
With low-pressure operation, a measurement of pressure differential at various levels 
will suffice. But just us in flow control, the pressure measurement must be accurate 
because the differential is a very small percentage of the total pressure. 

Another approach to this problem has been used by the Bureau of Mines in their 
high-pressure separators. This unit, a Gagetron, comprises a small quantity of radium 
located at the lower liquid level, Above the top liquid level is a Geiger-Mueller 
counter which measures the output of gamma rays from the radium. There is enough 
difference in the gamma-ray absorption between the oil and the vapors to determine 
accurately the liquid height. 


A considerable portion of the above appeared in an article by the author in Chemical Engineering 
(7). Permission to use this material is gratefully acknowledged. 
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COMPRESSORS AND PUMPS 


Compressors 
RECIPROCATING COMPRESSORS 

This discussion is limited to stationary compressors of the crosshead type with the 
compressing cylinder isolated from the crankcase. This is the type that has been 
most commonly employed in chemical process services. Centrifugal compressors are 
now also used in many applications (sce p, 119). 

Description. The reciprocating compressor is a positive-displacement machine 
which increases the pressure of a given volume of gas by reducing the initial volume of 
the gas. The gas compression is performed by a reciprocating piston in a cylinder. 
Generally the cylinder is double-acting and is attached to a erank-and-flywheel type 
running gear, Compression occurs in cither end of the cylinder. The cylinder is 
usually water-jacketed to dissipate the heat generated by friction of the piston rings 
and piston-rod packing and some of the heat of compression. The piston-red opening 
in the cylinder is sealed with packing which is practically leakproof. Properly timed 
flow of gas in and out of the cylinder is obtained by the use of simple pressure-actuated 
valves, which open and close as the differential pressure between the inside of the cylin- 
der and the gas system changes, 

The compression process may occur entirely in one thermodynamic step (single- 
stage compression) or may he divided into a series of steps with cooling of the gas 
between steps (multistage compression). Multistage compression requires a more 
costly machine than single-stage compression, but must frequently be employed for a 
number of reasons including reduction of pawer requirements, limitation of gas-tem- 
perature rise within a given cylinder, and limitation of the diameter of a given cylinder. 

Terminology. Fundamental terminology dealing with compressors and com- 
monly employed in the trade includes the following: 

The piston displacement is the volume actually displaced by the compressor piston. 
Asa rule, piston displacement is stated in cubic feet per minute and normally applies 
only to the first stage of compression, 

The actual capacity is the quantity of gas actually compressed and delivered to the 
discharge system. It is usually stated in cubic feet per minute at first-stage inlet 
conditions. 

The volumetrte effictency is the ratio of the actual capacity to the piston displace- 
ment, stated as a percentage. 

The brake horsepower is the power input required by the compressor at rated con- 
ditions, usually measured at the compressor crankshaft, (For steam engine-driven 
compressors, the steam indicated horsepower of the steam engine is stated as the power 
requirement,) . 

Materials of Construction and Corrosion Problems, Since the compressor crank- 
case is isolated from the gas cylinder, the standard compressor frame is unchanged for 
any gas service. The frame is generally an iron casting, fitted with forged-steel 
crankshaft and connecting rod and with conventional sleeve or roller bearings. 

The compressor cylinder, on the other hand, must be individually considered for 
each application from the viewpoint of structural strength and resistance to corrosion. 
Commonly used materials are cast iron, cast carbon steel, and forged carbon steel. 
li is difficult to relate these materials to design working pressure since the cylinder- 
material stress is a function of eylinder diameter and working pressure. 
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Selection of cylinder matorials for corrosion resistance must take into accouut 
considerations of fabricating techniques and wearing qualities. Thus, a material 
which is highly suitable for a pressure vessel or vat may be exceedingly difficult to cast 
in the intricate form of a compressor cylinder or may be entirely too soft as a running 
surface for a reciprocating piston. Consequently, cylinder materials are generally 
steel or unalloyed iron, Cylinder sleeves or liners, when employed, are usually low- 
alloy iron. Type 410 stainless steel is a commonly used piston-rod material for 
mildly corrosive conditions. Occasionally, a very high-nickel-content alloy is em- 
ployed for the piston rods of units handling severely corrosive gases. As a rule, 
piston rings are cast iron or bronze, but Micarta may be used where the gas is of such 
character as to dilute the cylinder lubricant. Compressor valves are usually of stain- 
less steel with seats and guards of cast iron or steel, as dictated by pressure require- 
ments. 

In most applications, corrosion can be controlled to a considerable degree by the 
use of adequate moisture separators in the gas suction lines and by maimtenazee of the 
jacket water at Lemperatures sufficiently high to avoid condensation within the eylin- 
dev. 

Types of Drivers. Lissentially a low-rotative-speed machine with a fluctuating 
torque requirement, the reciprocating compressor is particularly well suited for direct: 
connection to a low-speed driver. TWowever, a higher-speed driver such as the four- 
pole induction motor or the steam turbine may be employed to drive through V-belts 
or a gear reducer, provided care is exercised in the solution of the attendant torque 
and flywheel problem. 

For electric-motor drive helow 200 hp., the squirrel-cage induction motor is most 
frequently applied, either as a direct-connected or as a belted driver. In hazardous 
atmospheres, au explosion-proof motor gear combination is often used in smaller horse- 
power ratings. 

For electric drive in larger horsepowers, the coustant-speed engine type syn- 
chronous motor is almost universally employed. i most cases, it is mounted directly 
on a portion of the compressor crankshaft and it is often fitted with enclosing covers 
and a forced-air ventilating system as a safety measure in hazardous atmospheres. 

For steam drive, most reciprocating compressors are available with an integral 
steam engine attached to the compressor frame, The steam turbine is occasionally 
utilized in combination with » gear reducer. 

Vor internal combustion engine drive, the angle gas engine compressor, which com- 
hines a gas engine and compressor cylinders iu an integral unit, is available in a wide 
range of sizes, It is applied extensively in the natural-gas producing areas, Jitermnal 
combustion engine drivers utilizing fuels other than natural gas are also available but 
are seldom economically feasible. , 

Selection of the type of driver is fundamentally dependent upon the comparative 
cost of power and fuels at a proposed location. 

Compressors for Higher Pressures. Reciprocating compressors are commonly 
employed in many higher-prossure chemicul plants (8,000-15,000 p.s.ig.). They are 
of prime importance in the production of ammonia, methanol, and urea, and in various 
hydrogenation processes. 

Since the work of compression is a logarithmic function of the discharge pressure, 
higher pressures may be achieved without proportionately higher power input. For 
example, the compression of a given volume of gas from atnospherie pressure bo 15,000 
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psig. ina multistage compressor requires only about 30% more power than the com- 
pression of that same volume from atmospheric pressure to 5,000 p.s.i.g. Higher pres- 
sures are often developed from atmospheric conditions in a single compressor having 
4, 5, 6, and even 7 stages of compression. Cooling of the gas betaveen stages is usually 
accomplished in conventional shell-and-tnbe type heat exchangers up to intermediate 
stage pressures of about 2,000 p.s.i.g. Above this pressure, heat exchangers may be 
of the finned- or bare-tube type or coil type. Intercoolers are usually mounted on 
or immediately adjacent to the compressor. 

Since unfailing compressor performance is essential to continuous output, the 
engineering approach to the high-pressure compressor is generally very conservative. 
Rotative speeds are normally quite low, ranging from 200 to 327 r.p.m, with average 
piston speeds of 500 to 850 feet per minute. ‘The number of stages of compression 
is generally selectecl to limit the maximum gas temperature within any eylinder to 
about 350°F, Cylinders and packing boxes are thoroughly water-cooled, 

Care is exercised to secure balanced operation and bearing loadings despite the 
high pressures and varying cylinder sizes. An example of this is the use of two cylin- 
ders which serve as the fourth and fifth stages of a carbon dioxide compressor dis- 
charging at 3,500 p.s.i.g. in a urea process. The cylinders are made single-acting 
because of small volume requirements and are arranged in tandem to provide balanced 
operation. The fourth-stage cylinder compresses toward the crank end and the fifth- 
stage cylinder compresses toward the head end. The resulting load imposed on the 
frame and bearings is reasonably comparable to that of a single-stage double-acting 
eylinder. The size of the fourth-stage cylinder is 5-inch diameter by 18-inch stroke; 
its design working pressure is 2,000 p.s.i.g. and its material is cast steel. The size of 
the fifth-stage cylinder is 215-inch diamcter by 18-inch stroke; its design working 
pressure 18 8,500 p.s.i.g. and itis a steel forging. The piston-rod packing on the fourth- 
stage piston is a full-floating segmental metallic type. This basic type of paeking is 
employed on reciprocating-compressor piston. rods for pressures as high as 15,000 
psig. The fifth-stage piston is a plunger design, which eliminates the use of con- 
ventional piston rings, and the phonger is packed with segmental metallic packing. 
The housing between the fourth- and fifth-stage cylinders is sealed and provided with 
a vent connection to permit venting of any gas whieh escapes from the fourth- or 
fifth-stage cylinders to a low-pressure point In the system. The valves in both 
cylinders are voluntary-plate type. 

Another example of a cylinder is a 614-inch diameter by 21-inch stroke double- 
acting recirculator compressor cylinder employed in a synthetic ammonia process. 
Design working pressure is 5,500 p.s.i.g. and the cylinder is a steel forging. The piston 
rod and piston are forged integrally and the piston rod is extended beyond the piston 
to provide a tailrod construction which insures alignment of the rod in the packing 
boxes and also balances the bearing loadings on the crank-end and head-end stroke. 
The cylinder is lined with a centrifugally cast alloy-iron sleeve. Piston rings are cast 
iron, and piston-rod packings are full-floating segmental metallic type employing 
bronze rings. 

Circulator compressors for system pressures of 3,000-15,000 p.s.i.g. are usually 
operated at very conservative speeds, generally in the range of 125-180 r.p.m. with 
average piston speeds of 450--550 ft, /min. 

Applications. The reciprocating compressor possesses greal: flexibility of applica- 
tion: (1) it can compress any known gas; (2) when designed as a vacuum pump, it 
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can comfortably maintain absolute suction pressures as low as 0.25 p.s.i.a. In continuous 
processing; (3) continuous compression of commercial quantities of gas to any dis- 
charge pressure up to 15,000 p.s.i.g. and even higher is economically and mechanically 
feasible; (4) inlet temperatures varying from —40 to -+150°F. are readily accommo- 
dated, and these are not absolute Hmits; () single unit designs are available for a 
horsepower range from 5 to 3,000 andl even larger; (G) compressor cylinders which 
require no lubricant, and therefore eliminate contamination of the compressed gas, are 
available over a considerable range of pressure and capacity; (7) process variables of 
pressure and capacity can easily be accommodated. The uverage unit may be 
operated over a rather broad range of discharge pressure without mechanical change 
and without marked loss of capacity or efficiency. Automatic controls to effect: con- 
tinuous adjustment of compressor output to process demands are commonplace. For 
a comparison of the applications of reciprocating and centrifugal compressors, see 
below; p. 121. 


CENTRIFUGAL COMPRESSORS 


Before 1945, centrifugal compressors only supplemented or paralleled reciprocating 
units in blower applications and in the air-conditioning fleld, The majority of com- 
pressor requirements for the oil and gas industries utilized reciprocating compressors 
for conditions of service, as illustrated in Figure 1. Today, process centrifugal com- 
pressor applications and installations are steadily increasing and gradually reaching 
a point where many new plants are being designed for 100% centrifugal compression 
equipment, 

The majority of centrifugal compressor applications are for service conditions 
ranging from 2,000 to 40,000 c.f.m. at initial suetion conditions with discharge pres- 
sures from 100 to 800 p.si.g. The average conditions of service for chemical and 
petroleum applications approximate 3,000-8,000 c.f.m. at suction and discharge 
pressures up to 500 p.s.i.g. Some cracking units requiring low discharge pressures, 
usually about 20 p.s.i.g., demand capacities up to 80,000 cfm. In the US. there are 
not many installations where discharge pressures exceed 900-1,000 p.s.i.g. 

Tip Speeds. The tip speed of a centrifugal impeller, in feet per second, can be 
determined by the empirical formula: 


r.p.m. * diameter (inches) 
229 





The trend of tip speeds for centrifugal compressors is gradually following that of the 
steam-turbine manufacturers, but has not yet attained speeds comparable to that of 
the steam turbines. Steam-turbine tip speeds have averaged over 1000 ft./sec., 
and some manufacturers are now furnishing units for a speed of 1100 ft./sec. The 
centrifugal-compressor tip speeds vary from a very conservative 800 to 950 ft./sec., 
with an average of 800-900 ft./sec. The head in feet or equivalent pressure obtained 
from a particular impeller and volute combination is dependent upon the tip speed of 
the impeller together with other factors, and it is often found that for a particular 
compression problem some manufacturers ‘will be offering six stages of compression 
compared with others of eight to nine stages of compression. Tip speeds actually are 
only the characteristic of a particular design and should not be confused with the per- 
formance of a particular compressor. 

Materials of Construction. The centrifugal compressor consists mainly of a 
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casing, volutes, impellers, shaft, and oiling system. The volutes are used to convert 
kinetic energy in the gas developed by the impeller into potential energy, or pressure. 
The casing is the envelope into which the volutes are fitted and is designed for the 
particular pressure at whieh the gasis to be compressed. 

Casings are made to suit the particular application aud may be of cast iron, 
fabricated steel, or cast steel. Alloying elements, such as nickel, to meet Charpy 
impact values for low-temperature service, are included for both fabricated- and cast- 
steel casing construction, The diameter of the casing and the pressure which it has 
to stand may dictate whether it is made of cast stecl or fabricated steel. 

The dividing line betiveen the use of cast iron and cast steel is normally not based 
on pressure but depends upon the user’s specification relative to five hazard. The 
fire codes of the majority of refining and chemical plants dictate that in hazardous 
areas only steel construction can be furnished. 

Various manufacturers of centrifugal compressors employ different impeller con- 
struction, some stressing fabricated impellers, others cast steel. 

The material of the volutes or diaphragms is normally cast iron; however, when 
the gas being compressed is of such a nature that it will attack cast iron, other suitable 
materials are substituted, 

Seals. The compression of a gus in a centrifugal compressor often requires a 
means of sealing the gas to prevent it from leaking into the atmosphere or being con- 
taminated by the atmosphere. Various types of seals are available, such as mechanical 
seals of the carbon-ring type, inert gas seals, direct, ot] seal in the compressor bearing, 
and expendable oil seals. All of the above are designed primarily as operating seals 
and not shutdown seals. Today the trend is to eliminate shutdown seals in refinery 
application because a compressor for this type of duty is expected to operate in 24- 
hour service for a minimum. of 340 days per year without shutdown for inspection. 

Cooling. There are two main lypes of intereooling for centrifugal compressors: 
diaphragm cooling, and direet injection of liquid into the gas stream while this gas is 
being compressed from suction to discharge conditions. 

Diaphragm cooling is similar to jacket cooling, which is commonly furnished on 
reciprocating compressors. The diaphragm or volute is provided with a water jacket 
along the gas passage and the gas is cooled by means of contact with a metal surface. 
The limitations of diaphragm cooling are temperature of the coolant, square feet of 
surface available for cooling, and gas and coolant velocity. 

Tn liquid injection, when used for straight, gas compression, where the gas being 
compressed will permit the addition of injected water without interfering with process 
purity or corrosive effects, practically all the heat of compression can. be removed if the 
gas does not become saturated with the added water. Liquid is injected into the dis- 
charge passage of the volute, or diffuser, by means of spray nozzles. 

Method of Drive. The common form of drives for centrifugal compressors has 
been, in the past, motor and gear or direct-connected steam turbine. Jately the gas 
turbine has been coming into the picture and there are some pipe-line installations 
where this method of drive is employed. 

Applications. Inherently, the centrifugal compressor is a large-volume machine. 
For capacities lower than 1500-1700 c.f.m, at initial suction, reciprocating compressors 
are preferred, since the overall efficiency of centrifugal compressors is low. 

Normally, compressors are rated in ¢.f.m. at suction for a particular gas versus 
head in feet, which may be obtained by the following formula: 
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K Koi 
head = ]44 X¥ S.P.& FX A x (®) x | 
A- I! Cc 


where 8.P. = absolute suction pressure in p.s.i., 1 = specific volume of gas in cu- 
ft./Ib. at mitial suction pressure and temperature, K = ratio of specific heats, and 
R/C = absolute discharge pressure divided by absolute suction pressure, or compres- 
sion ratio. 

Figure 2, expressed in the above terms, shows the range of application for various 
types of compression equipment. 

Many individuals, in applying centrifugal compressors to a particular compres- 
sion problem, think in terms of reciprocating equipment, believing that the same num- 
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Fig. 2. Range of application for different types of compressors, 


ber of compression stages apply regardless of the molecular weight of the gas being 
compressed. The ratio of compression obtained from one stage of compression or a 
single impeller in a centrifugal compressor is far less than that obtained in one stage 
of reciprocating compression. Figure 3, illustrating a cascade refrigeration cycle for 
an ethylene recovery unit, exemplifies this poimt. The upper half of the flow diagram 
is based on reciprocating equipment and the lower half on centrifugal equipment. 
Eleven stages of compression are required in the centrifugal eycle compared with four 
in the reciprocating cycle. Some also have the opinion that the gas to be compressed 
must have a molecular weight equal to or greater than air, There are numerous 
installations where molecular weights average 19-22, and others where, because of the 
presence of considerable hydrogen aud other inerts in the gas mixture, the resultant 
molecular weight is 15 or lower, 
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If it were desired to elevate the pressure of a refinery gas having an average molec- 
ular weight of 21 and K of 1.22 from 30 p.s.i.a. and 100°F. suction temperature to 
715 p.sia., 2 normal centrifugal selection would consist of sixteen stages of compres- 
sion, which would be divided into three centrifugal casings operating in series. The 
heat of compression in the first two casings in series would be partially removed by 
water-cooled intercoolers. Generally, the majority of centrifugal compressors are 
designed and built with four to six stages of compression in each casing. Some have 
been installed with ten stages of compression in a single case. 

During 1952, centrifugal compressors were designed for compressing ammonia 
gas for supplying refrigeration in synthetic ammonia plants. 

Present-day processes of the petroleum and petrochemical industries dictate many 
different; operating levels and corresponding compressor capacities to be handled at 
small pressure differentials, that is, one requirement may be at 20 p.s.ia., another at 
50 p.s.ia., and another at 100 p.s.i.a., but the final, total combined gas mixture must 
all be compressed to 300 p.s.i.a. Since the impellers and volutes for a particular casing 
size can be arranged so that tlic first stage may handle a small volume of gas, the second 
stage double the first-stage volume, and the third stage triple the first-stage volume, 
the centrifugal compressor can be designed to meet the above conditions. 


High-Pressure Liquid Pumps 


The pumping of liquids against pressures of 750 p.s.i.g. and higher is common- 
place in chemical industries and many types of pumps have been developed. High- 
pressure process operations usually introduce factors not normally encountered on less 
severe service, The introduction of corrosive, viscous, or nonlubricating types of 
liquids, the presence of solids or entrained gases, the use of extremely high or extremely 
low temperatures, and the need for close control of capacity or pressure all may con- 
tribute to the pumping problem. Some of these conditions may be met with commer- 
cially available pumps, others with a modification of standard designs, while a few may 
require completely special equipment. The cost of a high-pressure pump is a signifi- 
cant figure, and evaluation and selection of the unit most suited to a particular set of 
conditions requires not: only a knowledge of pumps and their characteristics but an 
understanding of actual operating conditions as well. See also Flazd mechanics 
(transportation). 


TYPES OF PUMPS 


The two basic designs of high-pressure pumps are the positive-cisplacement 
(subdivided into reciprocating and rotary) and the centrifugal. 

Reciprocating Pumps. The majority of high-pressure pumps in process service 
are of the reciprocating positive-displacement type. They may be steam pumps, in 
which the steam end is an integral part of the pump, or power pumps, where an ex- 
ternal source of power such as a motor; turbine, or internal combustion engine is used. 
The liquid end is of primary interest, using either pistons or plungers in a horizontal 
or vertical position and in groups of one or more cylinders, A few piston pumps are 
rated up to 1,500 p.s.i.g., but plunger pumps predominate in the field to 10,000 p.s.ig 
and higher. Thechoice between horizontal and vertical units depends on the individual 
application. 

At any given speed, a constant capacity can be delivered against a wide range of 
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pressures, the horsepower varying approximately with the pressure. The capacity 
can he varied directly with the speed in a steam pump or by varying the driver speed of 
a power pump. Tor vonstant-speed drivers, flow rates can be changed by other meth- 
odg such as by-passing part of the discharge, holding suction valves off their seats, 
or changing the stroke of the pump, All have a pulsation in the rate of discharge due 
to crank angle and the reversal of flow with each stroke. This is reduced in multi- 
cylinder machines. Compressibility of the liquid at discharge pressure has an appre- 
ciable effect on volumetric efficiency at the higher pressures and isa factor that must be 
known to select the proper pump. Abrasive liquids will affect speed. and materials of 
construction. Unlike high-pressure compressor practice, these pumps are seldom 
operated in series although two or more may operate in parallel. 

Rotary Pumps. A rotary pump is a positive-displucement pump consisting of a 
fixed casing containing gears, cams, scresys, vanes, plungers, or similar clements actu- 
ated by an external source of power such as a motor or turbine. Rotary pumps de- 
pend on the fluid pumped for internal lubrication and require clean liquids. The 
flow is smooth and pulsation-free, and capacity ean be varied with the speed, with a 
slight decrease in flow, as the pressure rises, due to internal slippage. Some designs 
are built with variable capacity features at constant speed, such as changing the ec- 
centricity of the casing liner. Rotary pumps are used for the lower pressures with a 
few small-capacity units available for pressures as high as 2500 p.s.i. Relief valves 
are gencrally used to limit pressure, thus preventing damage to pumps or system. 

Centrifugal Pumps. High-pressure (750 p.s.i. and over) centrifugal pumps are 
multistage units designed for operation at 3500 r.p.m. or higher. They are relatively 
high-capacity pumps because of poor efficiency at low flow. Their use, therefore, 
is limited to the larger plants. The smooth flow and the ability to change capacity 
simply by throttling the discharge fit many process demands. Space requirements 
are sraall, and on nonviscous liquids the efficiencies are comparable to other types for 
the larger capacities, 


TABLE I. Comparison of Different Types of Pumps. 








Power “Steam Rotary Centrifugal 
Capacity, gal./min. 2-1,300 10-2,000 2-2,000 50~2,000 
Pressure range, 100-1 1,000, also 75-10,000 10-500, some sizes Up to 3,000, also 
pw. higher up to 2,500 higher 
Tirst cost High Medium Low Low to medium 
Operating cost Low Very high except. Moderate High to medium 
(750 p.s.i.g. and when exhaust 
over) steam is used 
Maintenance cost Low Low Moderate Moderate 
Life Long Long Madclevute Moderate 
Flexibility Constait capacity Very Aoxible Constant or vari- Very flexible 
able capacity throttle dis- 
designs charge or 
change speed 
Floor space Large Moderate Small Small 





The pressure developed is expressed in feet, since it is a function of velocity. 
It is therefore affected by the specific gravity of the liquid. Vor velocities of 300 
gal./min. and higher, horizontally split. case, multistage pumps are used for pressures up 
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to 1500 psi, At pressures above 1200 p.s.i., double case pumps with a forged- 
sicel outer barrel and an internal multistage impeller and diffuser assembly are a 
standard. The extremely small capacities from 50 to 300 gal./min. can be met under 
favorable circumstances by vertical shaft, multistage pumps whieh average 100-150 
feet per stage. These may run at 20-30 stages per pump, relying on the Hquid pumped 
for Inbricating titernal bearings, and therefore limiting their use to clean, noncorrosive 
liquids, 

Comparison of Pumps. The features of cach type of pump are compared in 
Table I. 


PROBLEMS IN OPERATION 


To obtain the desired results, pump characteristics should be compatible with 
actual operating conditions. Before attempting tu apply a pump, an analysis of the 
operating system characteristies should be made, which would include the following 
factors: (2) capacity, with a description of any variations; (2) pressures, including 
maximum, minimum, pulsations, and variations; (3) complete outline of suction con- 
ditions; (4) range of operating temperatures; (6) complete description of liquid, 
including density, viscosity, corrosion, abrasion, and compressibility; (6) type of drive 
and type of control; (7) classification of service as continuous or intermittent. 

Mechanical features of pumps are dictated by operating conditions such as pres- 
sures, temperatures, suction conditions, and the hquid pumped. Hydraulic charac- 
teristics are inherent in each type of pump and are influenced by density, viscosity, 
type of drive, and type of control, 

Mechanical design is based on the pressures to be encountered, and it is impor- 
tant that maximum values, shock loads, and pressure variations be reviewed when 
selecting a pump. The materials used for the component parts may be set by strength 
requirements, corrosion resistance, erosion resistance, or a combination of these. 
Velocities in pump passages are inherently much higher than those found in piping 
and pressure vessels, with the result that any corrasive or abrasive tendencies of the 
liquid are accentuated in the pump. Pump life may be very limited because of a high 
rate of corrosion or erosion, and the use of resistant materials in eritical areas can often 
be justified. 

Temperatures over 250°R. or wider 0°F. may atfect design because provision must 
be made to compensate for expansion and contraction of the component parts of the 
pump. High temperatures may require water cooling of such parts as bearimgs and 
stuffing boxes. Low temperatures require materials to be of suitable strength and 
impact value at the operating temperature. Pumps are not primarily designed to 
absorb piping strains of any magnitude——a factor to be cousidered in the piping layout 
where the temperature varies considerably. 

More pump difficulties are caused by incorrect suction conditions than by any 
other single item. Loss of suction, vaporization, partial filing, or cavitation put an 
abnormal load on the pump and lead to high maintenance costs, short life, and erratic 
operation. The rate of change in flow is an important factor in analyzing suction 
conditions. For continuity of operation aud to safeguard the investment, all high- 
pressure pumps should be installed with the most favorable possible suction conditions. 
These requirements vary with each pump and should be discussed with the manufac- 
turer. . 
Stuffing-boxz problems usually depend on the type of liquid and the temperature, 
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high pressures merely complicating the problem. Most centrifugal and rotary pumps 
are built with stuffing boxes at suction pressure, whereas most reciprocating pumps are 
packed against discharge pressure. Clean, cold, noncorrosive liquids with lubricating 
properties present: no problem. Nonlubricating liquids such as propane and abrasive 
mixtures such as powdered catalysts must be kept ott of the packing by an isolating 
liquid injected into the lantern ring or into a flushing-type bushing to lubricate the 
packing and to keep solids from becoming embedded in the packing. The mechanical 
shaft seal for centrifugal and rotary pump shafts is now in the state of commercial 
development and offers a sohition to many previously difficult: packing problems. 
Seals have their limitations and should be investigated on an individual basis. 

The viscosity of the liquid to be pumped is likely to affect the power required and the 
pump speed. Reciprocating pumps work quite well on viscous liquids but-extira suc- 
tion valves to reduce losses may be required and the pump may be run at. 4 lower speed, 
High-presstire rotary pumps are not economical with liquids having viscosities much 
over 5008.U.s. Performance and design of centrifugal pumps are based on a viscosity 
equal to that of water and are very scusitive to increases in viscosity. The relatively 
high velocities lead to turbulence losses, and multistage impeller-disk horsepower 
losses add to power requirements. A definite limit cannot be set for viscosity, but 
from an economic standpoint a multistage, high-speed centrifugal pump with driver 
for over 300 S.U.s. will seldom prove better than a reciprocating pump with its driver. 


i. L. Case (Reciprocating Compressors) 
J. Caarus, Jr. (Contrifigal Compressors) 
L. H. Gannar (High-Pressure Liquid Pumps) 


PRIMAQUINE, CysHaN,0. See Malaria chemotherapy, Vol. 8, p. 668. 

PRIMERS. See Paint (interior; exterfor), Vol. 9, pp. 779, 788. 

PRIMING COMPOSITIONS. See Explosives (priming compositions), Vol. 6, p. 7. 
PRINTED FELT BASE. See Linoleum, Vol. 8, p. 404. 


PRINTING AND REPRODUCING PROCESSES 


Printing processes are processes for reproductug text material, pictures, maps, and 
drawings by the application of ink to paper or other medium. Some type of press 
which carries a replaceable form or printing surface and functions to (1) apply ink to 
the printing surface and (2) bring the paper or other medium into contaet with the 
printing surface to receive an ink impression isrequired. The three major commercial 
printing processes are typographic or letterpress printing, lithograplzy or offset print- 
ing, and gravure or intaglio printing. Other processes of lesser importance are photo- 
gelatin or collotype printing, and screen printing. 

The term reproducing process is more general. It meludes mechanical printing 
processes, but refers also to photographic and other processes capable of producing 
multiple copies. For photographic reproduction by means of silver halide emulsions, 
see Photography. Photographic reproduction by blueprint and diazotype methods is 
discussed briefly in this article. 

The printing or graphic arts industry is large, ranking about fifth among American 
industries. Typographic or letterpress printing is by far the largest branch. (See 
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Paper; Printing ink; Type metals.) Lithography comes next and is growing rapidly. 
Gravure printing is third in importance and is also growing. Because of rapid changes 
and developments since World War II, no accurate statisties are available. 


Photoengraving 


_ Photoengraving may be defined as the photomechanical production of relief 
plates for letterpress printing in line, halftone, and color. 


HISTORY 


The origin of photoengraving is uncertain, and development of the provess has been the result of 
the efforts of many workers. Probably the first crude attempt at photographic etching was made by 
Niepce in about 1815, but the first etched line blocks were made by Cillot in Paris in 1859. Gillot 
transferred line impressions from lithographic stone to zinc plates and etched away the bare metal, 
leaving the inked lines in relief. To reproduce pictorial subjects, Fox Talbot in England suggested 
the breaking up of tones into printing dots by means of a screen, but it was not until 1882 that Meissen- 
bach produced the first practical halftone blocks using a single-line screen, which he turned 90° during 
the exposure. F. Ei. Ives first produced halftones with the sealed cross-line sereen about 1986, and 
this type of screen was perfected and offered to the trade by Levy in 1891. Once the halftone process 
became practical, the color-reproduction theories of Clerk Maxwell and Du Hauron were applied. 
Three-color process plates were produced by Kurtz and Ives in 1892. Black was added later, resulting 
in the four-color process in use today. 

_ The perfection of photoengraving in color depended on many developments, including suitable 
color filters, achromatic lenses, and panchromatic plates. Panchromatic plates first appeared about 
1905 and have since been greatly improved. 


GUNERAL METHODS 


Line Engravings. Line engravings are commonly made on zine plates; a typical 
process includes the following steps: 

(1) Cleaning the zinc surface by scrubbing it with powdered pumice and water, 
followed by a weak acid wash. 

(2) Coating the plate in a whirler with bichromated albumen solution, and dry- 
ing. (Biehromated shellac can also be uscd.) 

(3) Exposing the coated plate to light in contact with a line negative. 

(4) Coating the exposed plate with etching ink, developing it under running 
water by light rubbing with cotton to remove the unexposed atbumen coating, and 
drying. 

(5) Powdering the ink image with powdered resin (dragon’s blood) and heating 
to sinter the resin. 

(6) Painting out the margins and back of the plate with an acid-resistant paint or 
lacquer. 

(7) Etching the bare metal with nitric acid to leave the protected lines and solids 
in relief. To prevent undercutting the image, this is done in several stages. After 
éach etch or bite, the plate is re-nked and powdered, the resin being brushed in four 
directions to protect the sides of the limes, then reheated to sinter the resin. 

(8) When the plate has been etched to the desired depth, the resist (acid-resist- 
ant paint or lacquer) is removed with a solvent, large nonimage areas are routed out to 
a depth of 0.020 inch or more, and the edges are trimmed and beveled. 

After being mounted type high (0.918 inch) the plate is ready for printing. If 
duplicate plates are needed, either for a multiple form or for syndicated advertising, 
stereotype reproductions are made. This is done by impressing the plate into a 
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moistened paper mat and drying the mat in this position. ‘The mat then becomes a 
sloreotype matrix that is used to form the face of a mold in which the stereotype plates 
are cast. 

Halftone Engravings. For halftone engravings, halftone negadives are required. 
(See Photography.) Copper plates are generally used beeause of their better etching 
quality. Making the engraving involves the following steps: 

(1) Cleaning the copper plate with a detergent to remove grease and polishing 
it under water with a charcoal block. 

(2) Coating the plate with a solution of bichromated fish glue in a whirler and 
drying it. 

(3) Iexposing the coated plate to light in contact with a halftone negative. 

(4) Placing the exposed plate in a solution of Methyl Violet dye to color the eoat- 
ing, then developing it under water to remove mnexposed coating, and drying. 

(6) Heating the plate (burning in) to convert the coating on the image areas to 
an acid-resistant enamel. 

(6) Painting the margins and back of the plate with asphalt paint or lacquer. 

(7) Eitchmg away the bare metal to leave the halftone image in relief. The 
metal is otched with 40°Bé. ferric chloride solution in several stages. After each bite 
the plate is dusted four ways with powdered dragon’s blood to prevent widercutting of 
the dots. Siuce the depth of etching varies with the tone of the subject, the shadow 
areas are painted (staged out) with acid-proof varnish after the first or second bite, 

and etching is continued. Staging is repeated for each successively lighter tone. ‘The 
final etch determines the depth in the highlights. 

(8) The etched plate is cleaned and proved with ink to determine if the tone 
values are correct. If not, it is re-etched locally to reduce the dots to the desired size. 

(9) When the proof is satisfactory, the plate is trimmed and hevelatt and any 
large blank areas are routed to increase their depth. 

The etching can be done in a tray, but is usually carried out im an elching ma- 
chine. There are three types of etching machines: one splashes the etch against the 
plate; another type sprays the etch; still another type etches electrolytically, using 
a sodium ehloride bath. Uniform, controlled etching requires controlled renewal of 
the etching bath to maintain a nearly constant composition and concentration. 

Color Process Engravings. Color process engravings are halftone photucngrav- 
ings made in the manner clescribed above, cxeept that four engravings must be made, 
one for each of the process colors, yellow, magenta, blue, and black. The negatives 
are halftone color-separation negatives, usually made directly from the original in 
the camera, but with different screen angles. 

Since color values are critical and must be exactly balanced, proving and re- 
etching to secure proper color in all the details of the reproduction is an important 
operation requiring skill and experience. Some color correction can be obtained by 
photographic masking methods. Electronic scanning devices are now available for 
making color-corrected continuous (one negatives which are then rephotographed to 
make the halftone negatives. 


APPLICATIONS 


Line and halftone photoengravings can be used directly in letterpress printing. 
Generally, however, stereotype or electrotype reproductions are made which are used 
in the actual printing. Klectrotype reproductions are made by taking an impression 
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in wax or a sheet of soft lead, depositing in this mold a thin shell of copper or nickel by 
an electrolytic process, and backing with molten metal. For long runs, electrotypes 
are nickel- or chromium-plated. Line engravings are also used as masters in the 
making of rubber relief plates for letterpress and aniline printing. 


Lithographic Printing 


Jithographic printing (offset printing, photolithography, photo-offset printing, 
hthography, planography) is the process in which the printing surface is without appre- 
ciable relief or depression, the printing image heing ink-receptive and the nonimage 
areas being water-receptive. In printing, the nonimage areas are first moistened with 
water to make them ink-repellent, the image areas are then inked by means of rollers, 
and the ink is finally transferred by pressure to the receiving surface. his printing 
eycle is shown in Figure 1. 
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Fig. 1. Printing cycle for direct and offset lithography. 


HISTORY 


Lithography was invented by Alois Senefelder, a Bavarian, in about 1800. He discovered that 
if he drew characters on smooth Sohnhofen limestone with a greasy crayon and then dampened the 
surface with gum water, he could repeatedly ink the greasy design and pull impressions on paper. 
He called the process chemical printing, or lithography (stone writing) and developed it into a suc- 
cessful printing process, 

For about. 100 years, practically all lithographic printing was done from Hat stones. It was 
entirely a manual operation until 1865, when the first flat-bed power press was introduced. Around 
1900, the first direct rotary press appeared. The rotary principle was revolutionary, since it necessi- 
tated a change in the printing medium from stone to thin metal plates. 

In 1906 another revolutionary change, the offset principle, was introduced. Until then, all 
lithographic printing on paper involved a direct transfer of ink from the stone or plate to the paper. 
The rotary offset press embodied an additional cylinder covered with a rubber blanket between the 
plate and impression cylinders. Thus, the ink was transferred first from the plate to the rubber 
blanket, then from the blanket to the paper. The offset principle was not new, baving been used in 
metal decorating as early as 1875, when a rubber blanket cylinder was added to the flat-bed atone 
press, Until 1906, when A. 8. Harris and Iva Rubel simultaneously invented the rotary offset press, 
no one made use of the offset principle in printing on paper. - 
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The offset press possessed important advantages: 

(1) The rubber printing surface conformed to irregularities in the paper surface. Less printing 
pressure was necded, and print quality was improved. Halftones of high quality could be printed on 
rough papers. 

(2) Paper did not come into contact with the metal printing plate. The plate was therefore leas 
subject to abrasive wear and could run much longer editions. 

(3) Speed of printing was increased. The effect of press improvements on printing speeds is 
shown by the following statistics for sheet-fed presses: 


Printing speed, 
Press impresaions/hr. 
Litho hand press 10-20 
Litho power press 1200 
Direct rotary press 2000 
Rotary offset press 4000-7000 


(4) The image on an offset printing plate reads “right” instead of “in reverse.” This facilitates 
both hand and photographie preparation. 

(5) Less ink is required for equal coverage. This decreases the tendency of the printed sheets 
to smudge and set off in the delivery pile, aud speeds up drying. 

The first offset presses were single-color, but it was not long before two-color and four-color 
presses were developed. The proportion af multicolor offset presses has constantly inereased. These 
include two-, four-, five-, and six-color presses. Web or roll-fed offset presses were also developed 
and their number has steadily increased. Web presses are mainly used for specialized printing. ‘The 
fact that one dimension of the form is fixed, limits their use to standard size work such as labela and 
publications. Web perfecting presses printing up to eight colors are in use. 

Commercial sheet-fed offset presses range in size from 17 > 22 inches to 52 X 76 inches. Web 
presses range in web width from 714 to 68 inches. In addition, there are a large number of so-called 
offset duplicating presses in sizes of 10 * 14 and 14 & 20 inches. These are mostly used in offices and 
plants for noncommercial printing. 

These mechanical developments have been made possible only through improvements in the 
quality of printing plates and in the efficiency of platemaking methods. Science, particularly chem- 
istry, has made a great contribution to these improvements. Af first, the printing image on stone 
was original art work. Then the hand-transfer process that enabled multiple printing images to be 
made from the original art was developed, Shortly after the advent of the offset press in 1906, 
methods were developed for making printing plates photographically, and the term photolithography 
was coined. At the present time, practically all printing plates are of this type. Original and hand- 
transfer plates are still in use but only on a minor seale. 

The first photolithographic printing plates were sensilized to light with bichromated egg albu- 
men. Other light-sensitive materials are now used in the same way,and the term surface plate applies 
to this group. Deep-etch plates made their appearance about 1930. Bimetal plates, although de- 
veloped during the late 1930’s, did not come into general use until after World War If. This period 
also saw the development of paper and plastic plates, primarily for the small duplicating presses, 
The latest development is the presensitized plate, which gives promise of wide application. Not only 
have these newer plates been developed through research, but the older types have been steadily 
improved. 

The modern lithographic process is indebted to research in many fields for its present position 
in the graphic arts. Improvements in cameras, lenses, photographic plates and film, and halftone 
screens have all contributed. New methods of color photography have provided important sources of 
copy for reproduction. Improvements have also been steadily made in the quality of offset, blankets, 
press rollers, ink, and paper. 


GENERAL METHOD 
The lithographic process offers many possible variations and alternatives, de. 
pending on the nature of the copy and the kind and quantity of reproductions desired 
Tn general, the process cotisists of the following steps: 
(1) Photographing the copy to produce halftone negatives or positives, (a) 
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For single-color work, the copy is photographed through a halftone screen to produce 
a screen negative, which is used directly in making a surface plate. If the plate is 
to be deep-etched, a contact positive is made from the sercen negative. (6) For 
multicolor work, the copy is photographed through color filters to produce continuous- 
tone negatives called color-separation negatives. These are rephotographed to pro- 
duce halftone positives which are then hand corrected by dot-etching. Color-correct- 
ing masks are often used in this step. For making deep-etch plates, the positives are 
used directly. For surface plates and certain bimetal plates, contact, negatives are 
made from the halftone positives. (See Photography.) 

(2) Making the printing plates. Contact prints are made on sensitized metal 
or bimetal plates. The plates are then developed to produce the printing image. In 
color work, a separate plate is made for printing each color. 

(3) Printing. Plates are clamped on the press cylinders and printed with inks 
of the desired color, In four-color process printing, the colors are yellow, magenta, 
blue, and black, and are usually printed in that order. 

(4) Finishing. There are a variety of finishing operations, depending on the 
nature of the work. ‘The principal ones are bronzing, varnishing, embossing, straight- 
cutting, die-cutting, scoring, pasting, mounting, laminating, folding, collating, stitch- 
ing, and binding. 

The steps in metal decorating are essentially the same as those for printing on 
paper and board. The press ig ai offset press, specially designed, with feeder and 
delivery for handling metal sheets. Most metal decorating is done on black iron previ- 
ously coated with a white or color base. Tin plate and terneplate (sheet iron or steel 
coated with an alloy of lead and tm) are also used when the product must be non- 
corroding. The inks must be dried by oven or radiant heat. Finishing operations 
consist mainly of stamping, forming, and soldering. 


PRINTING SURFACES 


Stone. Lithographic stone is a fine-grained sedimentary limestone with a 
minutely porous structure, the pores representing about 6% of the volume, Prac- 
tically all the commercial stones have come from the Sohnhofen quarries in Bavaria. 
The stone surface is prepared for printing by various methods. 

Yor original crayon drawing, the surface is grained to give it a tooth, thus making 
it possible to produce a wide range of tones and tints. When drawing is completed, the 
areas unprotected by the greasy crayon are treated with gum arabic solution (see 
Gums) slightly acidified with nitric acid. This desensitizes the nonprinting areas, 
making them receptive to water but not to ink. 

For pen drawings and solids, the surface is polished, and drawing is done with a 
soapy emulsion ink called tusche. When the ink is dry, the treatment with acidified, 
gum arabic sets it and at the same time desensitizes the clean background. 

For engraving, the polished stone is first desensitized and the gum arabic is dried 
down to a thin coating. Engraving is done with a needle that scratches through the 
gum layer and removes some of the stone. Asphalt solution or greasy ink is then ap- 
plied. When the stone is moistened with water, the asphalt or ink comes off except 
in the engraved image areas. Stones treated as described are ready to print or to have 
hand transfers pulled from them for producing multiple images on printing stones or 
plates. Hand transfers are mk impressions on a special paper having 4 water-absorb- 
ent gelatinous coating that releases the ink when moistened. . 
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For receiving hand transfers, sloues are polished, cleaned with very dilute nitric 
acid, and dried. The hand transfers are laid down on them and subjected to heayy 
pressure. They are then soaked with water and the paper is peeled off, leaving the 
greasy ink impression on the stone, ‘The nonprinting areas are then desensitized with 
a mixture of gum arabic and nitric acid. 

Both zine and aluminum plates are used to receive hand transfers. The grained 
plates are thoroughly cleaned and sensitized tio ink with dilute hydrochloric or acetic 
acid, washed, and dried. The transfers are then laid down i the same mamer as on 
stone. Desensitization is accomplished with gum arabic acidified with phosphoric 
acid or a mixture of phosphoric and chromic acids. Tsannic and other acids are some- 
times used. 

Nowadays only a few plants use the hand-transfer process in platemaking, and 
in most of these the printing is done from metal plates. A few decaleomania printers 
still use stones for printing. 

Metal Plates. By far the most lithographic printing is now done from zinc and 
aluminum plates manufactured to specifications for the purpose. These plates vary 
in thickness from 0.012 to 0.030 inch, depending on the size and type of press. Thiek- 
ness tolerance is +0.0005 inch for the smaller sizes and +0.001 inch for the larger 
sizes. The plates are carefully selected for mechanical surface perfection. 

Very pure zinc and aluminum are too soft aud duetile for lithographic use, and 
some alloying and cold rolling are necessary to produce plates of the required hardness, 
Regular zinc lithoplate has the following composition: zine, 99.0-99.5%; cadmium, 
0.07-0.50%; lead, 0.07-0.20%; magnesium, trace; iron, trace, A special zine Htho- 
plate having greater hardness and less ductility contains, in addition, up to about 
0.5% of copper. Regular aluminum lithoplate is designated 28-H16 (24 HD). Its 
composition is: alumimum, 99+-%; silicon, up 10 1%; iron, trace. 38 aluminum 
lithoplate is somewhat harder and contains, in addition, 1.5% of manganese. 

Which metal is better for lithography is controversial. Aluminum and azine 
plates require slightly different handling, but print equally well in experienced hands. 
Of these two metals in use, approximately 15% are aluminum and 85% are zie. 
Stainless-steel plates are also used (o & minor extent, mostly in metal-decorating 
plants. Because of their high strength and stiffness they are rather hard to handle, 
but make excellent: printing plates. 

_ In practice, all zine, aluminum, and stainless-steel plates are grained privr to re- 
ceiving the printing image. This is generally done in a flat, circularly oscillating tub 
by means of glass or steel “marbles,” abrasive grit, and water, but it can algo be done 
by sand or grit blasting, The grain depth usually varies from 5 to 12 microns, 
depending on the graining conditions. Plate grain provides anchorage for the ink, 
und recesses that help the surface to carry moisture. Improved desensitization, how- 
ever, has enabled the use of finer and finer grains, and even grainless plates are now 
being used. 

Bimetal Plates. ‘The term bimetal plate refers to a plate in which the printing 
‘and nonprinting areas are composed of different metals. The printing or image 
metal is usually copper, since it is most easily made ink receptive. The nonprinting 


~ametal is usually chromiwum, stainless steel, or aluminum, since these metals are most 


easily desensitized to ink. Bimetal plates are used both with and without a surface 
grain, a . 
In one type of bimetal plate (16) a sheet of copper is electroplated with a thin 


PRINTING AND REPRODUCING 133 


layer of chromium. issentially the same result is obtained by electroplating black 
iron or zine sheets, first with copper and then with chromium (26), The latter are 
sometimes called trimetal or multimetal plates, Another type of bimetal plate con- 
sists of a stainless-steel or aluminum plate electroplated with a thin layer of copper 
(23,32). These two types of bimetal plate require different platemaking procedures. 
See p. 188, See also Electroplating; Metallic coatings. 

Paper and Plastic Plates. Many types of nonmetallic printing plates have been 
developed. They can be classified into two groups, direct-reproduction and photo- 
graphic-reproduction plates. 

In direct reproduction the material to be printed is written, typed, or drawn on 
the sheet with a greasy ink. Then, when the nonprinting areas are dampened, the 
sheet will take ink only in the design areas and will print lithographically. The 
simplest form of direct-reproduction plate is ordinary parchmeutized paper. How- 
ever, longer runs of better-quality printing can be obtained from suitably coated kraft 
paper. Such sheets hold the ink image better aud have a smoother, more uniform 
surface. 

There are three distinct types of plates for photographic reproduction. ‘The first 
is a coated kraft paper that can be sensitized to ight by coating it with a bichromated 
colloid such as hichromated albumen. The sensitized plate is contact-printed through 
a negative, using an are light. It ts then coated with a greasy ink and developed in 
water, after which it will print lithographically. 

The second type consists of a sheet of cellulose acetate, one surface of which has 
been hydrolyzed to regenerate the cellulose, This surface is sensitized direetly with 
ammonium dichromate (bichromate), dried, and coutact-printed through a negative. 
During the exposure of the hichromated cellulose, oxidation takes place, making the 
cellulose subject to breakdown when treated with an alkali, after which it ean be re- 
moved. Developing the plate after exposure, therefore, consists in swabbing if with 
an alkaline solution for 1-2 minutes, and then with an acid solution containing an 
abrasive, This removes the degraded cellulose, and exposes the cellulose acetate in 
the image areas. The image can then be made visible by treating the plate with a dye 
that colors only the cellulose acetate. In printing, the plate is simply put on the press 
and swabbed with water to saturate the cellulose in the nonprinting areas before drop~- 
ping the ink rollers. The cellulose acetate image areas accept ink while the dampened 
cellulose in the nonimage areas does not. 

The third type may be a coated kraft paper or coated plastic sheet, sensitized in 
manufacture by means of a diazo compound such as the formaldehyde condensation 
product of paradiazodiphenylamine (diazotized N+«pheny!~p-phenylenediamine). 
These are called presensitized plates. Unlike bichromate-sensitized plates, they will 
keep for several months. Exposure and development are the same as for the first 
type (the coated kraft paper sensitized with a bichromated colloid). 

Paper and plastic plates are used for relatively short runs in black and white on 
small duplicating presses. They can be used also for multicolor work where close 
register is not required. Plastic plates ure loo weak, and paper plates stretch too 
much when continuously dampened, for general use in large sizes for commercial 
printing. . 


PLATEMAKING PROCISSES 
Generally speaking, the platemaking procedure depends on the type of plate to 
be made—whether surface, deep-elch, or bimetal--and also on ihe plate metal or 
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metal combination. Also, in making any particular type of plate, there are inany 
possible variations. 

Zine Surface Plates. The preparation of zinc surface plates involves the following 
steps: (7) counteretching or cleaning; (2) pretreatment (optional); (4) application of 
light-sensitive coating; (4) exposure to light through negative; (6) application of 
image base; (6) development; (7) posttreatment; (8) desensitization to ink; (9) gum- 
ming up. 

(1) The grained zinc plate is first cleaned or counteretchec. to remove dirt and 
any surface corrosion product (basic zine carbonate) with dilute hydrochloric acid 
(l+-2 ounce concentrated acid to 1 gallon of water) or acetic acid (6-0 ounces 99% 
acid to 1 gallon of water). The plate is then rinsed thoroughly with water. 

(2) There are two optional pretreatments. One is the Cronak treatment (19), 
which consists in immersing the counterctched plate In Cronalk sohition for 19 to 1 
minute, then rinsing with water. The Crouak formula is: water, 5 gullons; am- 
monium dichromate, 12 ounces (or sodium dichromate, 18 ounces); sulfuric acid 
(sp.gr. 1.84), 2 ounces. The Cronak treatment produces a thin, corrosion-inhibiting 
film on the plate, coloring it a light tan. The film is of indefinite composition, prob- 
ably (CreQz)x.(CrOs)y. 

The other optional pretreatment is pre-etching. Jt consists in treating the coun- 
teretched plate surface with a clesensitizing eteh, typical formulas for which are: 
(a) gum arabic solution (12-14°Rs.), 1 gallon; ammonium dichromate, 1 onnce; 
phosphoric acid (85%), 234 ounces; or (6) water, 3 quarts; phosphoric acid (85%), 
1 ounce; magnesium nitrate crystals, 114 ounces; carboxymethyleollulose dow vis- 
cosity), 514 ounces; water, to make | gallon. 

This etch is applied for about 1 minute, then rinsed off, just prior to coating the 
plate. Pre-etching coats the plate with a very thin insoluble but hydrophilic film, 
probably of adsorbed gum, which aids in later development, especially in humid 
weather. 

Both the Cronak and pre-etching pretreatments contribute to trouble-free plate- 
making. The Cronak treatment adds considerably to the quality and printing life of 
the finished plate. 

(3) The light-sensitive surface coating consists of a colloidal protein, such as egg 
albumen, casein, or soybean protein sensitized with ammonium dichromate. A typical 
coating formula is as follows: egg albumen solution (5.2°B6., clarified), 1 quart; 
ammonium dichromate (photo grade, dissolved in 6 ounces of water), 1.38 ounces; 
ammonium hydroxide (28% NH), 0.6 ounce; water, 8 ounces (pH value of the final 
solution, 7.6-8.0). The counteretched or pretreated plate is coated with this solution 
by whirling and then dried, usually with the aid of heat. The coating is light-sensitive 
and exposure to light will insolubilize it. Its average thickness is 1-2 microns. 

(4) Exposure of the sensitized plate requires a strong arc light. The plate is 
contact-printed through a photographic negative, etther line or halftone, in a vacuum 
printing frame. If it is to receive multiple images from either the same or. different 
negatives, 2 photocomposing machize is used. ; 

(5) An ink-receptive image base is applied by coating the plate first with a thin 
layer of resin or lacquer, and then with a greasy developing ink, which is rubbed down * 
thin and dried. . 

(6) Development of the exposed plate is accomplished by immersing the plate in 
water or dilute ammonia ntil the coating softens, and then removing the coating . 
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and its ink layer from the unexposed areas by light rubbing with cotton under running 
water. The light-hardened coating with its attached ink layer remains and constitutes 
the printing image. 

(7) While the background or nonimage areas of the plate appear clean, they still 
retain a residual film of the protein. For the best desensitization of these areas, this 
film must be removed. One of the best ways to remove the film is to give the plate 
a second Cronak treatment. 

(8) Etching or desensitizing the nonimage areas is accomplished by applying 
one of the same etches used in pre-etching. This time, however, after working the 
etching solution over the plate surface for a minute or so, it is rubbed down with a 
clean, soft rag and thoroughly dried. Of the two formulas, the one containmg carboxy- 
methylcellulose gives much better desensitization. 

(9) The plate surface is gummed up to protect it from scratching until ready for 
use. This can be done with either 12-14°Bé. gum arabic solution or 6% carboxy- 
methyleellulose solution. The dried etch is first washed off, and then the gum solu- 
tion is applied, rubbed down to a thin film that does not cover the inked image areas, 
and dried. The plate is now ready for the press, 

Aluminum Surface Plates. The process for aluminum surface plates is generally 
the same as that for zine surface plates except for the pretreatment and desensitization 
steps. The Cronak treatment is omitted, and pre-etching is optional. Posttreatment 
consists in applying Brunak solution (29) to remove the residual film of protein from 
the nonimage areas. The formula for this solution is: water, 5 gallons; ammonium 
dichromate, 45 ounces; hydrofluoric acid (48%), 5 ounces. Application is exactly the 
same as that for the Cronak posttreatment for zinc plates. 

A typical desensitizing etch for aluminum surface plates is the following: gum 
arabic solution (12-14°Bé.), 1 gallon; phosphoric acid (85%), 4 ounces. 

Chemistry of Surface Plates. Knowledge of the photochemistry of bichromated 
protein coatings leaves much to be desired. The coating solutions are fairly stable, 
but when dried, light makes them insoluble by a process similar to tanuing. Part of 
the Cr°+ is reduced to Cr?+, and a colloidal complex, (CrmO3)x.(CrOs)y, is formed. At 
the same time, the coating undergoes a sol-gel transformation. As the light exposure 
proceeds, the gel becomes stronger and less capable of hydration. The isoelectric 
point also changes. For example, the isoelectric point of egg albumen is approximately 
4.9, whereas that of a suitably exposed bichromated albumen coating is between 3.8 
and 4.0. The resulting protein gel is oleophilic and capable of retaining greasy ink 
even under conditions of maximum hydration at or near its isoelectric point, 

The light sensitivity of bichromated protein plate coatings is governed by a num- 
ber of factors, of which the following are the most important: 

(1) The bichromate-protein ratio. Sensitivity increases with the bichromate 
concentration up to thé point where crystallization takes place. 

(2) The coating thickness. Sensitivity decreases with increased coating thick- 
ness. Only wave lengths below 4500 A. are very effective and the yellow coating 
itself acts as a light filter. 

(8) pH value. Sensitivity of the dried coating increases as its pH value de- 
CTEARES. , ; 

(4) Moisture content. The sensitivity increases with hygroscopic moisture 
content. 

(6) Temperature. The sensitivity increases with temperature. . 
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The dried bichromated protein coating gradually becomes insoluble in the absence 
of light. This deterioration is more rapid the higher the temperature und relative 
humidity. For this reason, plates must be exposed and developed within a time limit. 
established by expericuce. For example,'an albumen-coated plate may be usable for 
3 or 4 days at 75°F, and 30% relative humidity. But at 90°F. and 74% relative hu- 
midity, tt cannot be developed after about 2 hours. 

Consistent suecess in platemaking requires control of the dichromate-protein 
ratio, coating thickness, pH, temperature, relative Iumidity, and light exposure. 
With an are light. of constant intensity, exposure can be timed. With a fluctuating are 
light, an integrating hight meter is necessary. 

The chemistry of plate desensitization is not well understood. The fact that de- 
sensitizing etches deposit an insoluble but hydrophilic gum film on the nonprinting 
areas has been established by dye absorption, contact angle measurements, aud radio- 
active tracer techniques. <A suitable gum in the etch is essential. Without it, the 
only desensitizing effect is due to the subsequent gumming up, the finul step in plate 
preparation. Only gums that contain free carboxyl groups seem to have appreciable 
desensitizing action. 

The effect. of negative ious on the desensitizing film seems to be important and 
needs investigation. All that is known at present is that dichromate, phosphate, 
nitrate, tannate, and gallate ions increase desensitization, whereas chloride and sulfate 
ions generally decrease it. Any particular desensitizing etch bas its own optimum 
pH value, The gum arabie formula given hus an optimum pf of 2.5, the carboxy- 
methylcellulose formula 3.0, and the aluminum deseusitizer formula 2.0. 

Zine Deep-Etch Plates. Deep-ctch plates differ from surface plates i that some 
metal is removed from the image areas by etching, and a greasy ink or ink-receptive 
lacquer is deposited directly on the metal withott an intervening protein layer. For 
this reason aud others, deep-etch plates are generally more durable and are good for 
longer ‘press runs than surface plates. 

The preparation of zinc deep-etch plates involves the following steps: 

(1) Cleaning or counteretching, which is the same as for surface plates. 

(2) Pretreatment (optional), which is the same as for surface plates. 

(3) Application of light-sensitive coating. The light-sensitive deep-ctvh coating 
consists of gum arabic or & derivative, sensitized with ammonium dichromate. A 
typical coating formula is as follows: gum arabic solution (14°Bé4.), 3 quarts; 
ammonium dichromate, 634 ounces; ammonium hydroxide (28% NH), 434 ounces; 
water, to make 1 gallon (pH of final solution, 8.5-9.5; about 14°Bé.). The eounter- 
etched or pretreated plate is coated by whirling, and then dried, usually with the aid 
of heat. Average thickness of the dried coating is 12-18 microns. 

(4) Exposure of the sensitized plate to light through a positive, which is the same 
as for a surface plate except that a line or halftone positive is used. 

(6) Development. The exposed plate cannot be developed with water since the ex- 
posed ‘coating is too soluble. Tt is carried out with a nearly saturated salt solution 
such as the following: calcium chloride solution (40°Bé.), 122 ounces; lactic acid 
(85%), 644 ounces. This solution is worked over the plate with a plush pad until 
frothing occurs in the i image areas, and then squeegeed off. This operation is repeated 
with fresh solution to insure complete clearing of the metal in the} image areas, 

(6) Deep-etching is done immediately, using a salt. solution containing | & COrro- 
sive acid: calcium chloride (40°B6), 1 gallon; ferric chloride (lumps), 344 ounces; 
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hydrochloric acid (87%), 214 ounces. This solution is worked over the plate in the 
same way as the developer, for 14-1 minute, then squeegeed off, 

(7) Removal of deep-etching, residues. The image areas are immediately cleaned 
to remove all traces of the deep-etching solution and corrosion residues. This is done 
with about four successive washes with anhydrous denatured alcohol, and the plate is 
dried. The nonimage areas remain covered by the light-hardened gum stencil whereas 
the image areas are the etched bare metal. 

(8) Application of lacquer and developing ink. The plate is coated with a thin 
layer of ink-receptive lacquer and dried. Developing ink is then applied, rubbed 
down thin, and dried. 

(9) Removal of light-hardened stencil. ‘The lacquered and inked plate is soaked 
in warm water to soften the gum stencil, after whieh it is scrubbed under running 
water to remove all visible traces of the stencil together with its coating of lacquer and 
mk. 

(10) Desensitization to nk is the same as for surface plates if a gum arabie etch is 
used. When a carhoxymethyleellulose etch is used, it is best first to remove the acl- 
sorbed gum residue from the nonimage areas with the deep-etch developer diluted with 
3 parts of water. 

(17) Gumming up is the same as for surface plates. 

Aluminum and Stainless-Steel Deep-Etch Plates. The process for these plates is 
essentially the same as for zinc plates, except that a stronger etch is required for cleep- 
etching. A suitable etch formula is as follows: calcium chloride solution (40°RBé,), 1 
gallon; zine chloride (technical grannlar), 51 ounces; ferric chloride solution (50°Bé,), 
36 ounces; hydrochloric acid (87%), 2 ounces. The acetic acid counteretch is 
generally used, and pretreatments are omitted. Deseusitizing etches suitable for zine 
plates are effective, but the etch given for aluminum surface plates (see p. 135) is pre- 
ferred. 

Chemistry of Deep-Etch Plates. When bichromated gum arabic is exposed to 
light, the chemical reaction appears to be similar to that for bichromated proteins. 
Light, sensitivity of the plate coating is governed by the same factors, namely, the 
bichromate-gum ratio, coating thickness, pH. value, moisture content, aud tempera- 
ture. Although bichromated gum arabic gradually becomes insoluble in the absence 
of light, it is slightly more stable than the bichromated proteins. When exposed to 
light, however, the exposed plate coating does not become tnsoluble enough to permit 
development with water. The plate must be developed with a concentrated salt solu- 
tion containing calcium chloride, zine chloride, ot magnesium chloride, and a mild 
acid. Rate of development is affected by temperature and can be controlled by ad- 
justing the salt and acid concentrations. Increasing the salt concentration retards 
development, whereas increasing the acid concentration accelerates it. | In general, 
the higher the combined sali and acid concentrations, the less the rate of development 
is affected by temperature. 

Development is complete when all unhardened coating is removed from the image 
areas of the plate. There is also some attack on the metal of zine plates, but no attack 
is apparent on aluminum and stainless steel. All three metals are cleaned sufficiently 
to retain an ink image without further etching, and very good plates have been made 
_in this way. However, practical expetience indicates a greater certainty of good 
plates as a result of further etching. 

The deep-etching solution is also based on a concentrated salt solution to pr revent 
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attack on the hardened gum stencil that covers the nonimage areas. Its acid removes 
metal to the desired depth, usually 4-8 microns, which is less than the thickness of the 
ink film carried by the image in printing. A depth greater than 12-15 microns pre- 
vents uniform transfer of ink. 

The purpose of the alcohol wash after the dcep-etching is to remove all traces of 
moisture and hygroscopic salts from the image areas, since these would prevent adhesion 
of the lacquer. 

Removal of the gum stencil from the nonimage areas by scrubbing under water is 
never complete, and an invisible residual film remains. This film, however, is hydro- 
philic and, in contrast to the proteins, has a strong desensitizing effect. A gum arabic 
desensitizing etch does not remove tt but actually strengthens it, Only when a car- 
boxymethyleellulose etch is used, is it desirable to remove the residual stencil before the 
final desensitization. 

Bimetal Plates. The bimetal plate consisting of a sheet of copper electroplated 
with a thin layer of chromium comes to the hthographic platemaker ready for use. 
Its chromium surface has a coating of gum arabic to protect it from grease and abra- 
sion. After washing off the gum, the platemaker proceeds, using essentially the 
same processing steps as for zinc deep-etch plates. The only changes are the omission 
of pretreatment and the use of a spectal chromium etch for deep-etching. The special 
chromium etch must bite through the chromium layer, which is 1-2 microns thick, 
but must not remove an appreciable amount of the underlying copper. A suitable 
chromium etch formula (38) is as follows: aluminum chloride solution (32°B6.), 3 
quarts; zine chloride (technical granular), 514 pounds; phosphoric acid (85%), 5 
fl. oz. Mechanically, this type of bimetal plate is essentially the same as a zinc or 
aluminum deep-etch plate, except that the depth of etching is less. 

The second type of bimetal plate, a stainless-steel or aluminum plate electroplated 
with a thin layer of copper, also comes ready for use by the platemaker. Its prepara- 
tion is similar to that of surface plates with certain exceptions. The processing steps 
are as follows: 


(1) Cleaning with pumice and 2% sulfuric acid. 

(2) Application of the light-sensitive coating. 

(3) Exposure to light through a negative. 

(4) Development. 

(6) Washing with alcohol and drying. 

(6) Etching away the bared copper. 

(7) Removing the resist. with pumice and 2% sulfuric acid. 
(8) Inking the copper image. 

(9) Etching and gumming up. 


The light-sensitive coating is bichromated gum arabic, the same as that used for 
deep-etch plates, except that it is somewhat thinner. The developer is the same ag for 
deep-etch plates. The bared copper is removed from the nonimage areas with ferric 
chloride solution (about 42°B¢.) if the base metal is stainless steel, or ferric nitrate if 
the base metal is aluminum. After the resist is removed, the copper image is ink- 
receptive and can be rubbed up with ink. The plate is then washed to remove the 


acid and gummed up. Since the copper layer is only 2-2.5 microns thick, the plate is 
essentially planographic. 
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OFFSET PRESS OPERATION 

Construction of the sheet-fed offset printing unit is shown in Figure 2, Multi- 
color presses consist of 2-6 of the units shown in Figure 2 in tandem but with a single 
feeder and delivery. For web presses, paper is fed from a roll, and delivery is in the 
form of cut sheets or folded signatures. 

Lithographic Ink. Lithographic ink is basically a concentrated dispersion of 
pigment in. a viscous oil vehicle, with various additives to give it suitable working prap- 
erties. One type contains a drier to accelerate hardening of the vehicle after printing. 
In another type, the oil vehicle consists of a resin dissolved in a volatile solvent. This 
type dries by evaporation of the solvent and penetration of the solvent into the paper. 
Various combinations of drying oil, resin, and solvent are also used. 

For lithographic ink, careful selection of ingredients is essential. Since the ink 
comes into intimate and continuous contact with 
water during printing, it must be free from any 
tendency to bleed or to form an ink-in-water 
emulsion. The formation of water~in-ink emulsion 
is unavoidable, but this does no harm unless the 
working consistency of theink is damaged. Dur- 
ing normal printing, the ink takes up from 5 to 
30% of water as a water-in-ink emulsion. The 
surface chemistry of this ink-water relationship is 
little known. 

Inking Rollers. The ink is metered from its 
fountain to a system of alternate metal and com~ 
position rollers of different diameters. Some of 
these rollers have a lateral reciprocating motion, 
which hreaks down any thixotropic structure and 
distributes the ink as a uniform film to the printing 
plate. Printers’ rollers of the glue-glycerol type 
cannot be used because of the water in the ink. 
Formerly, leather-covered intermediate and form rollers were used, but now practically 
all are of rubber or vulcanized oil composition. 

Dampening Water. In the printing cycle, water is fed to the plate just before it 
contacts the inking or form rollers. This is done by means of rollers covered with 
cotton flannel, called molleton, to which the water is metered from its fountain. 
Very little moisture is required. The moisture film produced on the plate is contin- 
uous on the nonimage areas of the plate and acts as a barrier preventing adhesion of 
ink. Any moisture on the greasy image areas is discontinuous and does not prevent 
transfer of ink to them. To keep the nonprinting areas clean during long runs, the 
dampening water must contain some acid and a desensitizing gum. It is assumed that’ 
their function is to maintain the desensitizing film produced when the plate was made, 
but little is known of the surface chemistry involved. With well-desensitized plates, 
the pH value ‘of the dampening water may be as high as 5-6. With poorly desensitized 
plates it may have to be as low as 8-4. Wetting agents can be used in the dampening 
water in carefully controlled quantities, but excessive wetting agent causes the forma- 
tion of an ink-in-water emulsion that prints as an allover tint. 

Offset Blankets. ‘The standard offset blanket has a 3-ply fabric base on one sur- 
face of which is a skimcoat of a rubber compound 0.012~0.015 inch thick. The total | 
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thickness is approximately 0.0625 inch, This blanket is wrapped around the blanket 
cylinder and held under a tension of about 50 Tb./inch of width, The rubber surface 
receives ink from the image areas of the plate and transfers it, to the surface being 
printed. The life of the blanket: is limited since it is susceptible 10 mechanical dam- 
age, to swelling resulting from absorption of ink vehicle, and to development of tacki- 
ness and glazing, which are caused by oxidation stimulated by absorbed ink driers, 
principally cobalt and manganese soaps. Great improvements in resistance to ink 
vehicles and driers have been made through the development of synthetic rubber 
compositions and suttable antioxidants. 

Lithographic Paper. While lithographic printing can be donc on practieally all 
types of paper, certain special requirements are necessary for best restilts in long runs, 
These include: 


(1) Freedom from loose surface fibers and unbound mineral filler, 

(2) Sufficient bond or “pick” strength to resisé the pull of tacky lithographic inks. 

(8) Minimim tendency to curl. 

(4) Freedom from chemicals that could sensitize the plate or eause the formation 
of an ink-in-water emulsion. 

(8) Tn coated papers, resistance of the coating adhesive to water. 


For quality prmting, direct lithography requires a smooth-surfaced paper. Off- 
set lithography produces quality printing on both rough and smooth papers, but the 
trend in recent years has heen toward coated papers because they require less ink and 
give more brillianee to colors. See Peper. 


AUNILTARY PROCTSSHS 


Auxiliary processes include bronsing, overprint varnishing, and spirit varnishing. 
While bronze or “gold” inks can be printed by letterpress and gravure, they are un- 
satisfactory as lithographic inks. In lithography, therefore, bronzing is done hy first 
printing an adhesive “size” and then dusting the sheets with hrouze powder. (See 
Pigments (inerganic).) Although this process involves an extra operation, the result 
has a higher luster than can be obtained with “gold” ink. For a still higher luster, 
the bronzed sheets are burnished. 

At one time, aluminum (silver) brouzing was done in the same way as “gold” 
bronzing. However, the danger of explosion in handling aluminum powders in a 
bronzing machine is so great that it has been discontinued. Aluminum inks work 
fairly well on the offset press but do not produce ag high a luster as bronzing. 

Overprint varnishing is the process of applying a transparent drying varnish to 
printed sheets to increase their gloss and to give additional protection. The varnish is 
printed like an ink, cither all over the sheet or in selected areas, The operation is 
called spot varnishing when only selected areas are treated. Modern overprint 
varnishes are based on drying oil-modified phenolic and alkyd resins, 

Spirit varnishing is the application of a lacquer-type coating to increase gloss and 
give protection. This process is commonly used on labels and box wraps. Ordinary 
spirit varnish consists of manila copal resin dissolved in alcohol, but it can be made 
from synthetic resins and any suitable solvents. Printed sheets arc varnished on a 
roll coater from which they are passed through an oven to drive off the volatile solvent. 
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PROCESSES RELATED TO LITHOGRAPHY 


Photogelatin or collotype printing is a form of lithography. A glass or metal 
plate is coated with bichromated gelatin and dried wuder controlled conditions. It 
is then exposed to light in contact with a coutinuous-tone negative, washed with water, 
and then soaked in a glycerol-water solution. Printing is usually direct rather than 
offset, glass plates being printed on a flat-bed press, and metal plates on a direct rotary 
press. 

In printing, the areas that received maximum exposure take a solid film of ink, 
whereas areas that received no light exposure take up sufficient moisture to repel the 
ink completely. Intermediate areas take ink in proportion Lo the degree of exposure 
and print the intermediate tones, The plate is not dampened as in conventional lithog- 
raphy, but its moisture content is maintained by operating in an utmosphere of high 
relative humidity, usually about 85%. Good, nniferm printing depends on the main- 
tenance of a delicate moisture balance, and requires a high degree of craftsmanship. 

Photogelatin priiting gives the nearest approach to “continuous tone” of all the 
mechanical printing processes. It is not truly continuous tone, since the intermediate 
tones are reticulated, probably because of the cellular structure of the gelatin. This 
structure is controlled by the temperature at which the bichromated gelatin is dried. 
High temperature produces a coarse structure, while low temperature drying produces 
a fine, even microscopic, structure, The process is capable of printing very fine de- 
tail, has a wide tone range, and is capable of producing prints of great beauty. Its 
commercial use is limited because of the difficulties in tone control and because it is 
limited to short ruus. Jt is used mostly for small editions of theater displays, counter 
and window displays, postcards, reproductions of fine furniture and rugs, illustrations 
for fine book editions, ancl museum and scientific publications. 

Dry Lithography. The term dry lithography has been apphed to two methods af 
offset printing. One method uses an tink in which a solution of adeliquescent salt such 
as calcium chloride has been incorporated (17). The amount and conceutration of lry- 
groscopic material are sufficient to extract moisture from the atmosphere and dampeu 
the nonimage areas of the lithagraphic plate. No dampening rollers are necessary. 
' The process is, therefore, not true dry lithography. Because variations in relative 
humidity of the atmosphere make this type of dampening hard to control, the process 
has never become important. 

The second method uses a relief image or “high-etch” plate on the offset press. 
The plate is essentially a photoengraving and requires no dampening. The printing 
process is therefore “oflset letterpress,” and not lithography. It is used. extensively j in 
printing business forms, bank cheeks, revenue stamps, and related work. 


Gravure Printing 


Gravure printing (rotogravure, photogravure, intaglio printing, heliogravure) is 
the process in which the image areas of the printing surface are recessed. The surface 
is first covered with ink, then the excess is scraped or wiped off, leaving ink only on the 
recessed image. The ink is transferred by pressure to the paper or other surface to be 
printed. , 

Intaglio printing refers to all-types of printing from recessed surfaces, including 
copper aud steel engravings. Photogravure and rotogravure refer to the modern. 
commercial process of printing from photomechanical plates and cylinders. 
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History. The resin-grain photograyure process was invented in about 1881 by Karl Klietch, A 
clean copper plate was dusted with resin powder which was then sintered to procluce a reticulated avid 
resist. A sheet of carbon tissue (paper coated on one side with a pigmented gelatin layer), previously 
sensitized with a bichromate and exposed to light in contact with a continuous-tone posilive, was then 
moistened and squeegeed into contact with the prepared copper surface. After being dried, the plate 
was soaked in warm water to remove the paper and soluble parts of the gelatin, leaving a “gelatin 
relief” resist. Etching was done with ferric chloride solution which penetrated the thinner parts of 
the gelatin resist first and produced gradations in depth, the shadow areas of the picture being ctched 
deepest and the highlights little or not at all. Areas protected by the resin remained unetched, 
Printing was done by covering the plate with ink and removing the execss with a seraper or “doctor.” 
The resin sereen provided “lands” to support the doctor blade. The remaining ink was then trans- 
ferred to paper by pressure. 

While this process had high artistic value, it never became commercially important because of 
difficulties in controlling the resin sereen, and because it was limited to flat plates. It remained for 
Karl Klietch in 1895 to adapt the crosslinc sereen to photogravure and initiate the modern commercial 
process. Modifications for multicolor printing have been made (20,21,22), 


Printing Surfaces. Modern gravure printing is done principally from cylinders 
on web presses, and is generally referred to as rotogravure. On sheet-fed presses the 
printing element is a thin copper plate wrapped around the cylinder. Preparation of 
the printing surface is essentially the same for both cyliiders aud plates. 

For monochrome printing, sensitized carbon tissue is first contact printed through 
a continuous-tone positive, and then given a second exposure in contact with a sereen 
consisting of transparent lines and opaque square dots, 150 or 175 to the inch. The ra- 
tio of line to dot width is usually 1:3. The exposed carbon tissue is then moistened 
and squeegeed into contact with the clean copper surface. Warm water is applied 
and the paper of the carbon tissue is peeled off. The gelatin thus transferred to the 
copper surface is further developed with warm water to produce a gelatin relief resist. 
Etching is done with 37-45°Bé. ferric chloride solution. This solution ctches the 
copper to different depths, depending on the thickness of the gelatin resist in the dif- 
ferent tone areas. The areas corresponding to the screen lines remain unetched and 
provide “lands” to support the doctor blade in printing. For long runs, the etched 
cylinder or plate is chromium-plated to resist wear. 

For multicolor printing, the principal process consists in making both a special . 
halftone positive with unconnected shadow dots, and a continuous-tone positive for 
each color. These are contact-printed successively, in register, onto asheet of carbon 
tissue, and the gelatin is transferred to the copper cylinder (Dultgen process) (20,21). 
Development and etching are essentially the same as for monochrome printing cyl- 
inders. The printing surface thus consists of disconnected ink cclls of varying size 
and depth corresponding to the tone values desired. In the Henderson process (22) 
only the special halftone positive is made. This is contact-printed directly onto the 
copper cylinder previously sensitized with a bichromated colloid. After being etched, 
the printing surface consists of disconnected ink cells of varying size but approximately 
the same depth. For long runs the cylinders are chromium-plated. 

Gravure plates can be used only once. On gravure cylinders, however, the clec- 
troplated copper is stripped off and the cylinder is replated (18). 

Chemistry of Photogravure. ‘The photochemistry of bichromated gelatin is 
presumably similar to that of bichromated albumen. (See p. 135.) Light sensitivity 
is governed by the same factors, namely, the bichromate-protein ratio, thickness of 
layer, pH value, moisture content, and temperature. Thickness of layer, however, 
has an added importance, since the purpose of exposure of the so-called carbon tissue is 
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to insolubilize the gelatin layer to different depths, depending on the intensity of light 
transmitted by different tones of the positives. The bichromate is yellow and ab- 
sorbs actinic light, but its effect does not produce sufficient differentiation in depth of 
hardening within the layer. To accomplish this, the gelatin layer is pigmented with a 
reddish brown, semitransparent pigment. 

After the gelatin layer has been transferred face down to the copper surface, treat- 
ment with warm water dissolves away the unhardened parts, leaving a gelatin relief 
resist. The thinnest areas are penetrated first by the ferric chloride solution, are 
etched deepest, and print the shadow tones of the picture. The areas where the resist 
is thickest are penetrated last: by the etch, are etched the least, and print the lightest 
tones. 











Press Operation. ‘The gravure printing unit consists of a printing cylinder, an 
impression cylinder, and an inking system, us Indicated in Figure 3. Ink is applied to 
the printing cylinder by an ink roll or spray and the excess is removed by the doctor 
blade and returned to the ink fountain. The impression cylinder is covered with a 
resilient rubber composition that presses the 
paper into contact with the ink in the tiny cells a Impression 
of the printing surface. O) Crlinder 
Gravure ink consists of pigment, a resin 
binder, and a volatile solvent. It is quite Auid 
and dries entirely by evaporation, For high- (" Printing 
speed printing, the solvents are quite volatile, Dector Blade —__ \\ Cylinder 
and the inking system must be enclosed. In _ !k Rell 
multicolor printing, where two or more gravure — Ink Fountain — 
units operate in tandem, each color must be Fig. 3. The gravure printing unit. 
dried before the next is printed. The web, there- 
fore, 1s passed through a heated oven after each impression; in sume cases the ovens 
are connected to a solvent-recovery system. 
Applications. Single-color rotogravure yields excellent pictorial reproduction on 
a wide range of papers. Its reproduction of type matter and line drawings leaves 
something to be desired, however, because the screen reduces sharpness somewhat. 
Tt has found wide application in the production of brown pictorial newspaper supple- 
ments, mail-order catalogs, wrappers, and labels. 
Color reproduction is mostly done in three colors on multicolor presses. It is 
widely used for newspaper magazine supplements, magazines, mail-order catalogs, 
cartons, and labels, and in the printing of cellophane, plastic films, and foils. Gravure 
is the most practical process for the printing of “gold”? bronze, aluminum, and opaque 
whites. . 


Screen Printing 


Screen printing (silk screen printing) is a stencil process. A fine-mesh woven 
fabric ig stretched on one side of a shallow rectangular frame. A stencil is then pro- 
duced, either by hand or by photographic methods, which seals the pores of the fabric . 
in the nonimage areas, leaving it permeable only in the image areas. A quantity of 
semifluid ink is placed in one end of the frame, which is then laid on the paper or other 
receiving material, and the ink is squeegeed across the screen so that some of it is forced 
through the open pores of the fabric in the image areas, and onto the receiving surface. 

Preparation of Stencils. The origial screen fabric was a fine-mesh silk bolting 
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cloth, but the need for a more durable fabric has led to the use of metal screens, 
principally bronze and stainless stcel. 

Stencils can be prepared by hand by various methods, for example: (7) painting 
out the unwanted or nonimage areas of the screen with a size such as elue or lacquer to 
seal its pores; the size must be unaffected by the vilinks; (2) cutting » stencil ina sheet 
of oil-resistant material and cementing the stencil to the screen to seal off the unwanted 
ALCAS. 

Stencils can be prepared photographically by: (/) painting the entire screen with 
a solution of a bichromated colloid such as gelatin or glue, drying it, exposing i to 
light in contact with a photographic positive, and developing it in water to remove the 
colloid from the pores of the sereen iu the image ateas; (2) exposing a sheet of sen- 
sitized carbon tissue to light in contact with a photographic positive, moistening the 
exposed tissue, transferring the gelatin film to the sereen, and finally developing the 
gelatin layer in warm water to clear the screen pores in the image areas. Because of its 
convenience, this is the method most commonly used. 

Printing. Printing equipment can be very simple, consisting only of a table, 
screen frame, anc squeegee or ink seraper. Tlowever, power screen presses with 
mechanical feed anc delivery are in common use, producing 450-3500 prints per hour, : 
depending on the sheet, size. Special presses are designed to print objects of irregular 
shape such as milk and soft-drink bottles, using ceramic colors, 

Screen-process inks are usually of the drying-oil type and have the consistency of 
thick paints. The amount of ink applied in sereen printing is far greater than in let. 
terpress printing or lithography, and the prints must be racked separately until dry, 
or passed through a heated tunnel, before they can be piled. Recently a process has 
heen developed to dry the prints almost instantly by passing them through an at- 
mosphere of sulfur dichloride vapor (80,31), 

Applications. Screen printing is in common use for the praduction of art prints, 
posters, decaleomania transfers, greeting cards, menvs, and program covers. Tt ty 
particularly adapted to the printing of fabries, felt, leather, metals, glass, ceramic ma- 
terials, and plasties, both fat and in finished farm, By printing an adhesive size and 
then dusting with cotton, silk or rayon flock, the finished design can be made to appear 
like felt or suede leather. 

Sereen printing has distinet advantages for short runs because of the simplicity of 
the equipment needed. For louger runs, the advantage is soon lost since other print- 
ing methods are so much faster. [or many of the applications listed, however, screen 
printing is the only practical process. 


Xerography 


Xerography (electrophotography, dry writing) is a reproducing process based on a 
photoconductive insulating layer, a material thatis highly insulating but that becomes 
electrically conductive when exposed to light. Thus, the insulating layer can be given 
4 positive electric charge, exposed to a light image to cause discharge in the exposed 
areas, and developed with a negatively charged powder which adheres only to the 
charged image areas of the layer. The powder image is then transferred to paper and 
fixed by heat. The photoconductive layer is then cleaned and recharged, and the 
process is repeated. . 

| Xerography was invented by C. 1°. Carlson (24,25,27,28). Its development and 
applications have largely been worked out at the Battelle Memorial Institute, 
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Printing Surface. The xetographic plate is a thin metal sheet coated with photo- 
conductive material. Suitable coating materials are anthracene, sulfur, and selenium. 
In the current process a coating of selenium less than 0.001 iuch thick is used. The 
coating has extremely high electrical resistance in the dark and will hol a stvong static 
charge. On exposure to light, however, its resistance is considerably reduced so that 
any surface charge leaks through the coating to the metal backing plate, 

General Method. In use, the xerographic plate is first sensitized by passing it 
under fme wires which are connected (o an electrical potential of about 7000 volts. 
This gives it a positive surface potential of 100-1000 volts. In this condition it is ex- 
posed in the same way as silver halide photographic materials, either in the camera, 
in a contact printing frame using a positive, or by projection from a positive. Sensi- 
tivity of the xevographic plate is about, the sanie as that of faust bromide paper. It is 
primarily sensitive to blue light and ean be handled under ordinary red safelights, 

During exposure, the areas of the plate struck by light are discharged in proportion 
to the light intensity. ‘The extreme highlights of the image are completely discharged, 
the medium tones are partly discharged, while the shadows retain a strong charge. 
The result is an clectrostatice latent image. 

The latent image is developed by dusting the surface of the plate with a finely 
powdered pigmented resiu that carries a negative charge. This powder is attracted 
to, and held by, the positive latent image areas in proportion to the intensity of their 
charge. The resinous image is then transferred to paper or other nonconducting sheet 
material by simply placing the plate and sheet in contact aud passing the two under 
the corona discharge wires. "This charges the sheet positively and makes it attract 
the negatively charged powder. To fix the image thus printed, the sheet is finally 
heated to fuse the resin powder. If the xerographic image is to he transferred to a 
rigid surface or to 4 metal surface, 4 double trausfer operation is necessary, using a 
paper or plastic sheet as the transfer medium. After transferring the powder image 
from the xerographi«. plate, the plate is freed from airy adheriug powder and is ready for 
re-use. 

A modification of the process is called xeroprinting. Tt consists in producing an 
image in insulating material on a metal plate, charging the image by means of the. 
corona discharge, dusting the image with the resin powder, transferring the powder to 
paper, and fixing with heat. No light exposure necd be given since the image on the 
plate is preformed. ‘Xeroprinting on web presses has been done at web speeds up to 
600 feet per minute. 

Applications. The advantages of xerography lie in the speed of processing, low 
cost of materials, and the fact that it is an entirely dry system giving a direct positive 
reproduction, The quality of reproduction isnot as high as that of letterpress or lithog- 
raphy, but it is entirely satisfactory for many purposes, and may he improved. 
Xerography finds its principal applications in making single office copies and in the 
production of paper or plastic printing plates for use on offset, duplicating presses. 
Xerography may also prove useful in transferring information to punched cards (see 
Vol. 8, p. 465). When the resin powcler image is transferred to a paper offset mat, ancl 
burned in, it forms an ink-receptive image capable of being printed lithographically, 
Thus, a camera copy of the original ou a xerographic plate can be transferred directly 
to a puper mat, and be on an offset duplicating press turning out copies within one and 
a half ninutes. Research on other applications is in progress. 
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Photocopying Processes 


Photocopying processes include reproducing processes based on light-sensitive 
materials other than the silver halides. Paper or film, sensitized with these materials, 
is exposed to light in contact with a drawing, tracing, or printed document, and de- 
veloped to produce prints for use by mechanics, engineers, and architects, and for rec- 
ord purposes. All of these materials require long exposure to intense fight compared 
with silver halide photographic materials, and they cannot be used in the camera. 
Their sensitivity is low because all of the energy neeced to produce change must come 
from the light during the exposure, whereas in silver photography only cnough light is 
needed to produce a, latent image and most of the energy is supplied by chemical action 
of the developer. 

The advantage of the nonsilyer reproducing processes lies in the low cost and con 
venience in procucing a limited mimber of copies. Tf many copies are dosired, it he- 
comes more economical to produce them by photolithography. 

A number of copying processes have heen based on the light sensitivity of organic 
iron salis. Light reduces ferric salts to the ferrous state and colored prints can be ob- 
tained either by forming coloredl eomponnds of iron directly, or by cansing the ferrous 
salt formed by light action to reduce other metal salts to the metallic state. Many 
variations have been proposed, but only the blueprint and vandyke processes remain 
commercially important. ‘These and the diazo process are the principal photocopying 
processes in use today. 

Blueprinting. The common negative blueprint or ferroprussiate process was dis- 
covered by Sir John Herschel im 1842, and has undergone only slight, modification. 
The blueprint paper is prepared by coating a smooth, mat, well-sized sulfite paper with 
a mixture of ferrie ammonium citrate and potassinm ferricyanide. A suitable formula 
is a mixture of the following tio solutions: (a) ferric ammonium citrate, 6 ounces; 
water, to make 25 ounces; and (b) potassium ferricyanide, 4 ounces; water, to make 
25 ounces. To prevent excessive absorption by the paper, 1 ounce of dextrin or pum 
arabic can be added to the mixture of the ferric ammoniim citrate solution and the 
potassium ferricyanide solution, The coated paper mist be rapidly and thoroughly 
dried, since traces of moisture reduce its keeping qualities. 

Tn use, the paper is exposed in contact with the tracing, using are or mereury-vapor 
lamps, developed in water, washed, and dried. During exposure to light, the ferric 
iron is partially reduced to ferrous, aid wpon immersion in water Turnbull's or Berlin 
Blue (see Vol. 4, 731) is formed. ‘The reproduction consists of white lines on a blue 
background. At present, blueprinting is mostly done on continuous cylinder ma- 
chines. 

Positive blueprint or cyanotype paper is also available commercially. It is pre- 
pared by coating paper with a mixture of ferric chloride, an organic acid, such as tar- 
laric (g.v.) or oxalic (see Vol. 9, p. 671), and gum arabie. A typical formula is: (@) 
tartaric acid, 1.4 ounces; water, 5.0 flaid ounces; (6) ferric chloride solution (45°BS), 
4.0 fluid ounces; and (¢) gum arabic solution (14°B6.), 26.0 fluid ounces. The tar- 
tarie acid solution is added to the gum arabic solution, and the ferric chloride solution 
is added last. After standing for 24 hours to mature, the mixture is diluted to 13°Bé. 
with water and is ready to he used. The coating should be dried quickly and thor- 
oughly, 

Positive blueprint paper js oxposed to light in contact with the tracing in exactly 
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the same way as ordinary blueprint paper. It is then developed with a 20% solution 
of potassium ferrocyanide, which is applied only to the coated side of the paper. The 
light exposure reduces the ferric salt to the ferrous state except where it is protected 
by the black lines of the drawing. In development, then, the ferrocyanide reacts with 
the unchanged ferric salt to produce blne lines (Prussian Blue) on a white background. 

After development, the print must be treated with dilute hydrochlorie acid (1 to 
100) to remove the colorless ferrous ferroeyanide from the blank areas, since this would 
gradually oxidize and turn blue. Finally, the print is thoroughly washed with water 
and dried. 

The positive blueprint process was suggested by Herschel but did not become 
practical until 1877 when Pellet patented the addition of gum arabie to the sensitizing 
solution. 

Vandyke Process. The vandyke process is a modification of the negative blue- 
print process, but produces white lines on a dark brewn background. Vandyke papers 
are available commercially. The prints can be used as negatives in blueprinting when 
it is desirecl to produce positive prints on ordinary blueprint paper. 

A suitable sensitizig solution can be made from the following solutions: (a) 
ferric ammonium citrate, 6.0 ounces; water 32.0 ounces; (6) gelatin, 1.0 ounce, 
water 16.0 ounces; and (¢) silver nitrate, 2.0 ounces; water, 16.0 ounces. The gelatin 
is allowed to swell in the cold water for 15-30 minutes, then heated to 40-45°C. to dis- 
solve it. The gelatin aud ferric ammonium citrate solutions are mixed, and finally 
the silver nitrate solution is added. The sensitized paper should be dried rapidly. 

When vandyke paper is exposed to light, the ferric salt is recluced to ferrous, and 
when the print is immersed in water, the ferrous salt reduces the silver nitrate to 
metallic silver. After washing in water for 1-2 minutes, the print is placed in 2% hypo 
(sacdium thiosulfate) solution for about 5 minutes to remove silver salts, then washed 
thoroughly in running water and dried. 

Diazotype Processes. Diazu printing processes are based on the light sensitivity 
of aromatic diazo compounds. (See Diaze compounds and dtazotization.) Exposure 
to light destroys the diazo compound so that it can no longer form a dye by reaction 
with amino or phenolic couplers. Many possibilities cxist and many patents have 
been granted in this field. Probably the first was German Patent 53,455 to Feer in 
1889. 

Diazo printing processes were pioneered by Kalle and Company in Germany, to 
whom many of the patents were granted. Most of the modern materials are direct 
positive papers or films based on British Patent 7,453 to Green, Cross, aud Bevan in 
1890, and British Patent 234,818 to Kalle and Company in 1924. 

Tn two-component diazotype systems, the paper or film is coated with a mixture of 
a stabilized diazo compound and a coupling compunent. No coupling takes place as 
long as the mixture is ueutral or acid. On exposure to light in contact with a tracing, 
the diazo compound decomposes. Then, when the print is exposed to ammouia vapor, 
coupling takes place where the coating was protected and develops the image as colored 
lines on a white background. The color produced depends on the combination of diazo 
compound and coupler with which the paper was coated. 

In one-component diazotype systems, the paper or film is coated with a stabilized 
diazo ¢ ompound only, Light exposure destroys it in the nonimage areas, and develop- 
ment consists 1 treatment with & solution containing the coupling component to form 
a dye with the unchanged diazo compound. 
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A large number of diazo compounds have been proposed. For two-component 
systems, diazo compounds and coupling components of relatively low coupling activity 
are preferred. Tor one-component systems, both the diazo compound and the coupling 
compound in the develope should have high coupling activity. The most suitable 
diazo compounds in cither case have been fotund to have pronounced spectral absorp- 
tion in the range 3500-4500 A. Typical Jow-activily diazo compounds meeting (his 
requirement are 2-diazo-l-hydroxynaphthalene-5-sulfonie acid (diazotized 2-amino-1- 
naphthol-5-sulfonic acid), certain p-diagodialkylanilines (diazotized N,N-dialkyl-p- 
phenylencdiamine), and p-diazophenyimorpholine.  High-activity materials include 
certain p-diazodialkylanilines and the p-diago-2,5-dialkoxyanilides. Low-aetivity 
coupling components in use include 2-naphthol-3,6-disulfonic acid, 2,3-dihydroxynaph- 
thalene, and 2,3-dihydroxynaphthalene-6-sulfonic acid. For black images, the last 
iavo compounds are used in combination with resorcinol derivatives. High-activity 
coupling components include resorcinol, phlovoglucinol, 1-naphthol, and 2-naphthol, 
Stabilization of the light-seusitive layer is accomplished with tartaric acid, boric acid, 
or naphthalenctrisulfonie acid. 

Tn making ordinary diazotype papers, the surface of a sulfite paper is impregnated 
with the light-sensitive materials. This is done ou large coating machines that apply 
an excess of the solution and, after a short time, remove the excess and cry the sheet, 
However, there is a trend toward diazotype papers in which the light-sensitive ma- 
terials are held in a surface film layer. This tends to give the prints sharper definition 
and higher contrast. 

In modern practice, exposure and development of diazotype materials are carried 
out ina single machine. Contact prints are made against a glass cylinder at the axis 
of which is a tubular mereury-vapor lamp, The paper is then separated from the 
original and, if it is a two-component material, passed through a chamber in which the 
temperature, humidity, aud concentration of ammonia vapor are controlled, The 
eutire process takes little more than a minute. If the paper has a one-component 
coating, it requires a liquid development. The developer containing the coupling 
component and a buffer is applied to both front and back and the finished print is 
delivered in a slightly damp condition. 

Because of their greater speed and simplicity of processing, anc also because they 
produce direct positive copies, diazotype papers are replacing blueprint papers for 
copying engineers’ and architecis’ drawings. They are also used increasingly in re- 
producing a wide variety of documents by both direct and reflex copying, and in copy- 
ing information onto punched cards (see Vol. 8, p. 465). 
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PRINTING INK 


Printing ink is the fluid or semifluid colored material essential in producing printed 
reproductions. It consists of a color body, usually a finely divided pigment, and a 
carrying liquid or vehicle necessary to distribute the color body on the printing press. 
The binder, designed to protect the pigment after its deposition on the surface to be 
printed, is a constituent of the vehicle. Although the composition of a printing ink 
may sometimes he similar to that of a paint, the basic difference hetween the two is 
that paints are applied by brushing, spraying, dipping, or, occasionally, by rolling, 
whereas inks are applied exclusively by printing machinery. By far the majority 
of inks are printed on paper. A small percentage is designed to print on other surfaces, 
such as metals and plastics. Tin-decorating inks are usecl on cans and other metallic 
surfaces, The printing of plastic sheets and films, such as cellophane, vinylite, and 
polyethylene, has become increasingly important for the packaging industry. See 
also Coatings, industrial; Dyes (application); Ink, writing; Paint; Paper; Printing 
and reproducing processes; Type metals. 

Table I indicates the number of printing-ink manufacturing establishments, and 
the quantity and value of ink produced in the United States in selected years (1). 
A spectacular growth is evident from these figures. The economic importance of the 
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industry becomes more apparent if one considers that the sales value of the finished 
ink is about, double the value of the raw materials used, 


TABLE I. Production of 





Number of 











Yoar ostablisiiments tity, 1000 th. Valne, $1000 
1904 60 — 5,774 
1914 70 —— 13,8380 
1925 109 a Bb, 753 
1935 191 170,885 3-4,5385 
145 218 308,101 68, 744 
1916 227 386,955 91,320 
1947 239 430,270 115,708 
1948 246 A7U, 5382 125,039 
1949 253 AG, O7-£ 126,685 





Systems of Drying 


The process of solidification of a liquid printing ink film is known as ink drying, 
A pumber of systems have been developed for the drying of inks, several of which have 
acquired prominence in practical printing. They may generally be divided inte physi- 
cal and chemical methods of drying. 

The physical methods are the simplest. The fundamentally most logical process, 
solidification by cooling of a hot melted composition, while commercially applied, 
has met with so many difficulties of a secondary, often mechanical, nature that it has 
not been successful so far. ‘This process is known as the coldset process. 

A second physical method of tuk drying, solvent evaporation, is widely applied in a 
number of printing processes, such as the gravure, aniline, and heatset processes. 
A third physical method, drying by absorption, is predominantly applied in newspaper 
printing. In this process the liquid vehicle filters into a porous paper stock, leaving 
the pigment on the surface. 

A fourth physical method, drying by gelation, has recently heeome more promi- 
nent, In this method a liquid vehicle, generally consisting of a thin liquid in which a 
rubbery or resinous compound has been dispersed, solidifies by gelation. After the 
fluid part of the vehicle has been drained into the porous paper stock, gelation sets in. 
The transformation of the comparatively soft gel into a hardened solid usually oecurs 
by secondary physical or chemical changes. . 

A fifth method of physical drying is by preetpitation. According to this method 
a fluid ink film is foreed to absorb a liquid or a vapor for which it has only a limited 
compatibility. After the maximum tolerance has been exceeded, precipitation of a 
dissolved resinous binder sets in and a partly solid film is formed. Complete solidi- 
fication occurs gradually afterwards, generally by other physical methods, such avs 
evaporation and penetration of excess liquid into the paper stock. 

Of the chemical methods, the most prominent and probably the oldest and closest 
in nature to the drying of a paint is drying by a combination of oxidation and poly- 
merization known as oaidative polymerization. The carrier liquid is generally a drying 
oil (q.v.), of which linseed oil is the most important representative. Tn a film of drying 
oil exposed to the air chemical changes set in. The film absorbs oxygen, which is 
chemically bound, followed by a process of polycondensation, resulting in the formation 
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of larger molecules with different physical characteristics and leading ultimately to a 
solid film. 

Another chemical method of ink drying may be indicated by the general name 
euring. According to this method a Hquid resinous film may form a solid polyconden- 
sation produet. Thus, a thermosetting resin can be cured by heat, a process acceler- 
ated by the addition of a catalyst. Curing has not met with commercial success in 
printing inks, owing to the relative slowness of the pracess. 

_ Asa matter of practical observation, it appears that all the physical methods 
of ink drying proceed more rapidly than the chemical methods, This is due mainly 
to an induction period which precedes the organic reactions used in film drying and 
which cannot be eliminated entirely by the application of higher temperatures and by 
the incorporation of catalysts. While there are many chemical reactions, such as 
ionic reactions and decomposition reactions, which are practically instantaneous, they 
have so far not found application in the printing process. 


Systems of Printing 


While the method employed in the drying system determines the main ink charae- 
teristics, the type of printing press nsed is also of great importance for the proper- 
ties of the uk. Basically there are three processes. (See Printing and reproducing 
processes.) In typography the ink is deposited ouly on the raised parts of the plate. 
In ¢néaglio printing the ink is lifted from depressions in the plate. In Udhagraphy 
the ink is deposited only on the so-called ink-receptive areas, The physically different 
nonreceptive areas are dnmpened with water, to prevent ink reception, Ink-receptive 
arcas have a water-repellent surface coating and do not accept water. 

Not only the printing system, but also the particular type of press used will deter- 
mine the most desirable characteristics of the ink. In typography, for Instance, the 
slower platen presses have ink requirements different from the faster automatic or 
flat-hed cylinder presses, while the higher-speecl rotary presses require rapidly clistrib- 
utinginks. Similarly, the extremely viscous intaglio inks for copper or steel engravings, 
which are usually hand-wiped, are completely different in characteristics from the very 
fluid rotogravure mks used in high-speed rotary intagtio printing. 


Composition 
COLORING AGENT 


Pigments ate generally used to impart. color to a printing ink. Dyes are seldom 
used alone, and their application is usnally restricted to a minor addition to a pig- 
mented ink. The reason for this preferente for pigments must be ascribed in the first 
place to the greater color economy thus obtainable. Furthermore, pigments are more 
resistant to light and to chemicals. Finally, dyes have a tendency to diffuse into the 
paper, resulting in fuzzy, unsharp prints in all but instantaneously setting vehicles, 
while pigments, since they consist of particles of appreciable size, do not migrate after 
being deposited. 

Inorganic Pigments. (Sec Pigments ({norganic).) Natural mineral pigments are 
little used in high-grade inks, on account of the large particle size and inherent crystal- 
line character of these pigments, which results in inks of a poor texture and leads to 
accelerated plate wear and fill-in of halftones, Carefully processed natural mineral 
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pigments are uxed as fillers in lower-grade inks, such as bag inks aud carton inks. 
The most important pigment of this class is clay, purified either by air flotation or by 
water washing (see Vol. 4, p. 70). Another pigment used as a filler in lower-grade 
inks is diatomite (q.v.). 

“Alumina hydrate” (a bydrated alumina containing some sulfate—sec Vol 1, 
p. 643) is an important extender, nearly completely transparent, with an excellent 
texture, Blane fixe (precipitated barium sulfate) is an extender of a somewhat poorer 
quality, not completely transparent. Other manufactured extenders are caledum 
carbonate and magnesium carbonate and gloss white, which is made by coprecipitation 
of alumina hydrate and blanc fixe. 

Lithopone is a valuable opaque white pigment. Titanium dioxide has the greatest 
opacity and tinctorial strength of all white pigments. Its chemical inertness and lack 
of solubility in common ink vehicles has made it one of the most important pigments 
used in printing inks. Both rutile and anatase forms are used. Other white pigments 
usect in inks are zie oxide and white lead. , 

Of the eoloved mineral pigments, tron blucs (complex ferrviferrocyanides—see 
Vol. 4, p. 731) are a most important group. Different varieties are known as milori, 
chinese, and bronze blues. They are strong, light-resistant pigments, but are very 
sensitive to alkalies. Another blue pigment is aliramarine blue, used extensively in 
steel-plate engraving mks. 

An important group of pigments are the chrome yellows. They may be obtained 
in lighter shades (primrose yellow) as well as in medium or darker shades, up to o deep 
reddish orange, chrome orange. Chrome green is an intimate mixture of chrome yellow 
and iron blue. 

Cadmium yellows and reds are used where a, high resistance to light, heat, and alka- 
lies is desired. They are, however, sensitive to dilate acids. Molybdate orange is 
very resistant to light and to solvents, including melted paraffin wax, and is widely 
used in inks for waxed] paper, such as bread wrappers. 

Organic Pigments. (See Pigments (organic).) The most important organic 
pigments are the ago colors. Lithol Reds, as sodium, barium or calcium salts, are ex- 
tensively usec in all types of inks, because of their strength, briliancy, good working 
properties, ancllow cost. Red for Lake C is another important azo color, available as 
the sodium or harium salt. The latter is especially suitable for Hthography. Lithol . 
Rubine B is a permanent red pigment used mostly as the calcium salt, especially in 
lithography. Toluidine Reds find extensive use as light-resistant, good working pig- 
ments, Para Reds once were a major group, owing to their brilliancy and resistance to 
light, At present, their disadvantages, such as bleed in water aud in many organic 
liquids, have led to their replacement with other pigments for a number of uses. 
Persian Orange is a brilliant, clean orange pigment, but not very resistant to light. 
Permanent Orange, which has a good light resistance, is extensively used in lithography. 

Hansa Yellows are permanent pigments with excellent color strength. Benzidine 
Yellows are moderately fast to light, and have good color strength and excellent working 
properties. Their relatively low cost makes them desirable pigments for many uses. 

Another extensively used group of pigments are the triphenylmethane derivatives. 
Methyl Violet finds many applications, notwithstanding its poor resistance to light. 
Peacock Blue and Phloxine are extensively used in process inks. The clean hue of the 
Peacock Blue and the typical bluish red shade of the Phloxine are especially desirable 
in multicolor printing although these properties are offset by lack of permanence. 
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Allcali Blue is used as reflex toner in high-grade blacks. ts “bronze” is caused by a 
microcrystalline particle structure. 

While the precipitation of basic dyes with tannie acid, alumina hydrate, and simi- 
lar substrates generally yields pigments of poor resistance to light, it was found that 
precipitation with complex acids such as phosphoetungstie or phosphomolybdic acid 
results in the formation of pigments which show a greatly improved resistance to light. 
Examples are permanent blue and permanent violet toners, and Permanent Rhoda- 
mine, 

A more recent addition to the group of organic pigments, now used extensively, 
are the phthalocyanine pigments, of excellent resistance to light, heat, solvents, acids, 
and alkalies. Monastral blue is » copper phthalocyanine derivative, while monastral 
green is a chlorinated copper phthalocyanine. Other derivatives are known, including 
metal-free compounds, 

Black Pigments. The black pigments, with the exception of the rarely used 
manganese and iron oxide blacks, are predominantly composed of carbon. The most 
important black pigments are the carbon blacks (g.v.). There are two distinct types of 
carbon black: channel blacks, made from natural gas, and furnace black, made from 
either natural gas, oil, or a mixture of both. Both channel and furnace blacks are 
commercially available in a Autfy form of a bulk deusity of about 12 lb./cu.ft., and a 
densified (pelletized) form of a bulk density of 20-25 lb./eu. ft. While channel blacks 
have always been the most important black pigment of the ink maker, recent improve- 
ments in furnace blacks have led to great interest in this newer type of black. In 
view of the general trend to find a more economic use for natural gas than burning it 
to manufacture chaunel blacks, it is to be expected that furnace blacks will eventually 
replace most of the channel blacks used at preset in inks. 

Lampblack (see Vol. 3, p. 80), made by incomplete combustion of organic fuels, 
has a desirable bluish shade, but a low color strength. It forms mat films in inks, 
contrary to the more glossy carbon blacks. Most of the properties of lampblacks can 
be obtained more economically at present with special graces of furnace blacks. 


VEBICLY 


Solid Vehicle Constituents. The most important solid vehicle constituents are 
the resins. Rosin (g.v.) and a wide variety of damars and copals (see Resins, natural) 
are used as raw materials by ink makers, although their use has been declining in recent 
years in favor of syutheties. Shellac (q.v.) is still extensively used in printing inks. 

Heat-polymerized rosin has improved properties over untreated rosin. Rosin 
salts, especially zincated and limed rosin or polymerized rosin, are used extensively 
in many inks. Rosin esters, prepared by esterification of rosin with glycerol, penta- 
erythritol, or sorbitol, find an ever increasiug application in inks, 

Cowmarone-indene resins, obtained by polymerization of the indene fraction of 
eoal-tar distillates, are used in low-cost oil-based inks. Polyierpene resins, obtained 
by polymerization of terpenes, are suitable for many applications. Phenol-modified 
coumarone-indene resins as well as phenol-modified polyterpenes are soluble in alcohol. 

Petroleum resins, prepared by polymerization of unsaturated petroleum hydro- 
carbon fractions or residues, are becoming increasingly important as low-cost. vehicle 
constituents. 

Phenolic resins, obtained by treating the polymerization products of phenols and 
formaldehyde with rosin, are the most important synthetic resins used in inks, They 


154 PRINTING INK 


have excellent gloss, hardness, and light resistance and impart superior drying proper- 
ties to ink vehicles, 

Alkyd resins, obtained by treating polyfunctional organic acids, such as phthalic 
acid, with polyfunctional alcohols, such as glycerol, are usually condensed with drying- 
oil fatty acids. Stuch modified alkyds are tough, flexible resins extensively used in the 
better grades of inks. A special class of resins, the maleic and fumarie modified rosins, 
obtained by a Diels-Alder condensation of rosin with maleic anhydride or fumarie acid, 
is used extensively in moisture-set inks. 

Cellulose derivatives ure used in special classes of inks, Thus, nitrocellulose finds 
application in gravure gad aniline inks, while ethyl! cellulose adds toughness and re- 
sistance to abrasion to films of oil-based inks. Cellulose esters are used in specialty 
inks for the printing of plastics. 

Chlorinated rubber (see Resins und plustics Jrom rubber) finds an application in 
a special class of gravure inks. Waaes and greases ave used in ink compounds added 
to inks (o modify their working properties. Waxes are often instrumental in producing 
films which exhibit a cerlain “slip”? and are therefore more resistant to abrasion, 
Most «commonly used are the petroleum waxes, both paraffin waxes and microcrystal- 
line waxes, Nonmineral waxes, such as carnauba wax and beeswax, are used in small 
quantities in many inks. See Petrolesm wares; Wastes. 

Absorption Vehicles. Inks drying by absorption require a porous paper stock 
which exhibits a marked blotting action, permitting a rapid penetration of the ink 
vehicle into the paper. Since the speed of penetration of an ink is inversely propor- 
tional to the viscosity of the vehicle, the need for a rapidly penetrating low-viseusity 
vehicle becomes apparent. 

The most important application of absorption drying is found iu news inks, 
News ink vehicles consist nearly exclusively of mineral oils (petroleum constituents). 
To aid in the dispersion of the pigments, small quantities of resinous or asphaltic 
materials are generally added. The vehicles must lave a light color, in view of the 
type of drying. Darker vehicles, upon penetrating into the paper, will show a stain 
on the reverse side, a phenomenon known as strike-through, 

Por the better grades of absorption vehicles, mineral vils of a low viscosity are 
applied in which resinous materials such as rosin or rosin salts (limecl or zincated) 
have been dissolved. Such vehicles reduce the visibility of the print on the reverse 
side of the paper (show-through), since they do not impart as much transparency 
to the paper stock as viscous mineral oils. 

Oxidation Vehicles. (Secu Drying vils; Fats and fatty oils.) Vehicles drying by 
oxidation consist mainly of drying oils. Such oils, usually of vegetable origin, oxidize 
wid polymerize when exposed to the air in a thin film, leading ultimately to a solid, 
tough, but flexible film which protects the pigment. The most important drying oil 
used in inks is Wnseed ott, obtained from flaxseed. Other drying oils are dung ol 
(china wood oil), periila oil, viticica otl, and soybean oil. More recently, synthetic 
drying oils of petroleym origin have been introduced which have found a limited appli- 
cation. Unmodified animal drying oils are rarely used by the ink maker, in view 
of their objeutionable odor, 

Chemical modification of drying oils has resulted in the formation of new, im- 
proved oils. OF the chemically modified oils, dehydrated castor vit (see Vol. 8, p. 241) 
is the most important represcutative. Upgrading of the less active drying oils by 
isomerizabion or other modifications has been suecessful. Linseed oil is markedly 
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improved by the formation of Diels-Alder adducts with maleic anhydride, resulting 
in the maleinized oils, Hsters in which fatty acids of drying oils are esterified with 
polyfunctional alcohols such as peutaerythrital or sorbitel have improved drying char- 
acteristics. 

The drying oils user in oxidation vehicles are usually bodied oils. They are 
available in viscosity grades varying from slightly heavier than raw oil to an extremely 
viscous, almost solid consistency. 

Oxidative drying of drying oils is markedly catalyzed by driers (g.v.). Commer- 
clully used driers are oil-soluble salts of cobalt, manganese, or lead, usually ocleates, 
linoleates, resinates, uaphthenates, or ethylhexoates. Less significant are talloil 
sults (lino-resinates), soyates, borates, and avetates. Vhe action of the different 
drier metals is uot equivalent. Cobalt, the most powerful drier, tends more to cata- 
lyze the surface oxidation. Lead and manganese, on the other hand, promote 
especially the polymerization, resulting in a generat hardening of the film. 

The quantity of drier used in the vehicle depends predominantly on the pigment 
present. Thus, the quantity of a cobalt drier containing 6°% metallic cobalt re- 
quired for drying may vary from 1 to 10% of the vehiele. Pigments which promote 
drying, such as iron blues, require the smaller amount of dricr, while pigments which 
retard drying, such as carbon blacks, may require the higher amount, especially at 
higher humidities, leading to a retardation of the drying in general (8). 

While bodied drying oils were formerly used almost exclusively as the vehicle in 
inks drying by oxidation, there is a pronounced switch to vchieles which contain res- 
inous components. In the lower-priced vehicles, rosin, limed rosin, or zincated rosin 
isused. The better grades of ink often comprise phenolics, which impart higher gloss 
and better resistance to mechanical abrasion and to chemical action. The use of al- 
kyds has found a wide application, especially in lithographic inks. 

Evaperation Vehicles. Various types of ink dry by evaporation. Rotogravure 
inks and many nniline inks evaporate at room temperature, while heatset inks show a 
marked evaporation at elevated temperatures only. While part of the pigment- 
vehicle separation may occur by penctration, the major drying in these inks is always 
by solvent evaporation. 

The rate of evaporation of a liquid is a complicated function of its physical char- 
acteristics and the exterual test conditions. The most important single property of a 
fiquid determining its rate of evaporation is the vapor pressure at the test temperature. 
Boiling points are a less reliable indication. In practical inks the solvents used con- 
sist as a rue of a mixture of liquids with a boiling range. It is not readily possible 
to indicate a single rate of evaporation for such mixtures, since smaller and smaller 
amounts of solvent evaporate in consecutive equal time intervals. 

The influence of the resinous hinder in reducing the rate of evaporation of an ink 
is pronounced, The more soluble the resin, the greater the reduction. A secondary 
effect of the binder is that a minor solvent fraction is often retained for a prolonged 
period of time, causing plasticization of the film auc resulting in an undesirable resid- 
ual tack. This effect is less pronounced with higher-melting resins. Since solvent 
retention is promoted by solubility, resinous binders are often used which do not show 
a high solubility. ‘Too low a solubility, on the other hand, may cause a high initial 
viscosity, followed by gelation or even precipitation of the resin on standing, The 
pigment generally reduces the rate of solvent evaporation. The effect depends on the 
volume loading and is more pronounced with pigments of a smaller particle size. 
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The most important solvents used are petroleum soluents, for both rotogravure and 
hentset inks. To approach the behavior of a single liquid, close solvent cuts are pre- 
ferred, In aniline inks, methanol and ethanol are predominantly used, while esters 
and ethers are often added. Special inks made on an aqueous base have often been 
used, but have not been applied generally, most likely becatse of complicating factors 
such as changes in paper dimensions as a result of moisture absorption. 

As the resinous binders, many natural, modified natural, or synthetic resing are 
used, depending upon the type of application. Rosin and rosin derivatives form the 
major binders. In darker rotogravure inks, asphaltic materials such as gilsonite 
(see Asphalt) are extensively cmployed. 

Solidification Vehicles. Drying by solidification is theoretically the simplest of 
all drying processes. Colclset inks are made to be printed at temperatures above their 
melling point. They cool rapidly when printed onto paper which is at room tempera- 
ture, resulting in a speedy solidification of the melted inks, They are usually printed 
at 105-110°C. and are made to solidify at 75-80°C. Coldset ink vehicles are a mixture 
of resins, waxes, pitches, and plasticizers and similar materials. The inks have some 
decided advantages, sucl as lack of penetration, yet excellent adhesion and elimination 
of show-through. The type of reproduction is remarkably sharp and the halftones 
are excellent, even on rough paper. However, the technical difficulties encountered 
in printing at elevated temperatures have been the cause of the lack of commercial 
success of this process of printing. 

Precipitation Vehicles. The principle of drying by precipitation involves the 
interaction of the ink vehicle, consisting of a solvent and a binder, and a diluent. ‘The 
diluent is miscible with the solvent in all proportions, but the vehicle does not tolerate 
more than a limited quantity of the diluent. If this limit, is surpassed, the binder pre- 
cipitates in a film which rapidly becomes contiuous. 

Wax-set vehicles consist of a solution of nitrocellulose or alkyd resin in a high- 
boiling solvent. Upon immersion in wax, the binder precipitates and forms a hard, 
protective film, Wax-set inks are used in many printed waxed papers, such as bread- 
wrappers and milk bottle caps. 

The most important group of precipitation inks are set ly moisture in the form of 
water or steam. The solvents employed are usually polyglycols, such as diethylene 
glycol (see Glycols). The resinous binders are chosen for their ability to tolerate a 
limited quantity of water without precipitation but to precipitate immediately as soon 
as this limit has bcen exceeded. The more successful binders are maleic- or fumaric- 
modified rosins, which do not show precipitation on the press at high humidities, but set 
immediately with steam or water. Zein (q.v.), a protein from corn, is often used as an 
addition to improve the toughness of the film. An unusual binder material, employed 
in black inks ouly, is 2-naphthol still residue, a by-product of 2-naphthol manufacture, 
Lignin is successfully applied in moisture-seti inks with glycol solvents. Moisture-set 
inks are odorless and do not produce odors when drying. They are nontoxic and thus 
exceptionally suitable for food wrappers. 

. The tendency of the polar vehicle to loosen up the fibers of paper stocks with a 
loose structure has been the cause of fill-in of halftone screens at high printing speeds. 
As a result, the application of steamset inks in newspaper printing has been limited 
to lower speeds of printing, while the application in publication printing in general 
has not been very widespread. 

Gelation Vehicle. In gelation inks (also known as filtration inks), the vehicle is a 
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colloidully dispersed system. The solid binder, of a resinous or rubbery nature, is 
dispersed in a low-viscosity vehicle. he inks are complex systems in which hoth 
binder and pigment are dispersed. Upon bemg printed on an absorbent stock, the 
low-viscosity vehicle component quickly drains off into the paper, leaving the pigment, 
and the binder dispersed in a much smaller volume of liquid. As a result. a quick 
gelation of the ink film cecurs, forming a rapidly hardening gel. 

The particle size of the dispersed phase is of importance. Dispersed particles of 
the vehicle with average diameters of 0.5-1.0 micron are suitable for coated stock, 
since they are filtered off and rapidly show gelation. On a news stock, however, with 
a much more open structure, only the pigment is filtered off and the entire vehicle 
penetrates into the stock without separation; the ink, therefore, does not exhibit 
rapid setting by gelation. On a poorly absorbeit stock the veliicle penetration is too 
slow to show a pronounced separation and the ink fails to set rapidly. It is obvieus 
that gelation inks will only show fast setting properties on the papers for which they 
have been designed. 

In gelation inks the liquid vehicle component is usually a petroleum hydrocarbon 
fraction of the mineral spirits group. The dispersed vehicle component may be a 
metallic rosin salt, a highly polymerized drying oil, or an asphaltic material. Particn- 
larly successful is a rubber derivative prepared by treating natural rubber with tin 
tetrachloride in solution and known as cyclized rubber (see Resins and plastics from 
rubber). These and similar inks prepared from synthetic rubbers set within a few 
seconds and are hard within a minute on coated stock. 

Notwithstanding many desirable properties, gelation inks have only found a 
limited application. They are not economical in use, do not set fast enough for high- 
speed rotary printing, and often show a profound misting at higher printing speeds. 

Curing Ink Films. Curing is the process of rendering a material insoluble and in- 
fusible by means of heat, chemicals, or both. Strictly speaking, oxidative polymeriza- 
tion of drying oils is a form of curing, but it is generally not included in this group. A 
number of reactions suitable for the curing of ink films have been proposed. Thus, 
partly polymerized phenol-formaldehydes, urea-formaldehydes, and melamine-for- 
maldehydes have thermosetting properties and will form cross-linked, insoluble, and 
infusible films upon heating with the proper catalyst. Thermally coagulable proteins 
solidify rapidly upon heating. Ultraviolet light sometimes induces curing. 

Curing due to chemical action has been achieved by exposing prints to chemicals 
promoting a polycondensation reaction. Chemicals may be present in the paper, 
or the print may be exposed to it in a finely divided liquid or vapor form. Thus, 
inks consisting of resins and modclified oils have been exposed to vapors of tin tetra- 
chloride, to suliur dioxide, anc to ozone, resulting in a rapid drying. No commercial 
snecess has been achieved so far, although it would seem that the choice of a suitable 
system will opeu up a wide field, 


Manufacture 


The usual method of manufacture of inks consists in the incorporation of the dry 
pigment into the vehicle by grinding. Au alternative process, flushing, is essentially 
phase transfer from an aqueous pigment pulp into an oily pigment paste. 
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GRINDING 

In most grinding equipment used by ink makers the material is subjected to crush- 
ing and shearing ina thin film. In order to effect dispersion, the pigment aggremates 
have to be surrounded with a vehicle film, since otherwise pigment clusters subjected 
to pressure may densify and form secondary aggregates difficult to recdisperse. Thus, 
pigment particles are usually wetted with the vebicle. This is accomplished by mixing 
vehicle and pigment prior to grinding, sided by the incorporation of wetbing agents 
into the vehicle. An exception is found in ball mills and in the newer type of intensive 
mixers, where dispersion does not take place in thin films anc where a separate mixing 
operation is therefore not required. See also Coatings, trdustrial; Miaing; Size 
reduction. 

Mixers. Mixing causes the pigment partieles to he wetted with the vehicle and 
usually results in the dispersion of some of the larger particle clusters. In uddition, 
various vehicle constituents are homogenized by a proper mixing aetion. Mixing of 
materials of low viscosity is advantageously carried out with the aid of a high-speed 
impeller agitator in a cylHndrical tank, preferably provided with baffles. Most inks, 
however, are too viscous to show a continuous flow of materials under such couditions 
and require a more suitable type of mixer. The most commonly used mixer for print- 
ing ink manufacture is the change-can or pony mixer. (See Vol. 9, p. 160.) The in- 
gredients are weighed in a container, homogenized by mixing, aud transferred to the 
mill in the same container for grindmg, Change-can mixers have a smele or double 
set, of rotating agitators and are provided with a mechanism to rotate the container, 
They are essentially constructed for medium yiscosity ranges, although mixers have 
been constructed which are able to handle very viscous pastes. 

The Petzhold rotary mixer, a closed mixer with high-speed rotating blades, used 
mostly in Germany, shows enough shearing foree at higher speeds in fluid pastes to 
effect a pigment dispersion satisfactory for lower grades of ink. Dough mixers are 
designed for the mixing of extremely viscous pastes. The most common types are 
provided with hlades, of S-, Z-, or sigmoid shape, which rotate at differential speeds. 
The newer types of dough mixers have intermeshing blades with overlapping paths 
and self-scraping features. A considerable shear is developed in very viscous pastes 
aud a dispersion may result which is satisfactory for many uses without additional 
grinding. Such mixers are known as intensive mixers. Their use for inks, however, 
is limited, in view of the high initial investment required and the labor involved in 
cleaning the mixer. 

Roller Mills. Roller mills are the most common type of dispersing equipment 
used in ink manufacture. The single-roller mill is rarely used in the United States, 
but is more successfully applied in Europe, particularly in England. It consists of a 
feeding hopper placed above the single roller and one or more stationary bars pressed 
against the side of the roller. The single-roller mill is suitable for low-viscosity pastes 
only and is not capable of much heavy-duty grinding, but is satisfactory as a finishing 
mill. 

The two-roller mill is not commonly used in the United States for the manufac- 
ture of inks. A particulatly successful two-roller mill, the Voegelo mill, is used 
throughout Enwope and particularly in Germany. It consists of a large main roller 
and a somewhat smaller secondary roller, in addition to a rubbing bar. The rollers 
rotate at 125 or 250 r.p.m., while the main roller has, in addition, a reciprocating side 
motion of 8g inch. The rollers are water-cooled. 
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The three-roller mill is the main ink-grinding machinery used in the United States. 
Ty this mill a relatively heavy film is formed iu the nib of the back rollers, where ag- 
gregates are crushed and sheared as a result, of the differential speed existing between 
the rollers, A thinner film, foreed in the mb between front aud middle roller, allows 
further dispersion due to the much greater shear. The speed ratio of the rollers in 
modern three-roller mills is usually 1:3. Lower-speed mills have speeds of 25:74:225 
rp.m., while higher-speed mills may show the approximate ratio 40:120:360. Modern 
roller mills are all water-cooled, and the rollers are case-hardened and finished to 
tolerances of 0.0002 inch. They are often capable of operating at two speeds, the lower 
speed for more viscous inks. The output of the roller mills is greatly inereased with 
increased viscosity of the paste, all other factors being equal, but viscous inks have 
much greater power reqiiremeuts. An important factor in the handling of a roller 
mill is its setting. Older mills have a simple serew type of setting attached to earch 
side of the front and hack rollers. Modern mills may have clearance indicators or 
hydraulic pressure gages. Other mills have a single setting gear fov all rollers simul- 
taneously. In the “floating” roller mill, for whieh increased production has heen 
claimed, the position of the midelle roller is not fixed, but adjusted automatically by 
the pressure exerted. 

' Ball Mills. Ball mills are usually cvlindrical shells mounted horizontally, filled 
partly with porcelain or steel balls or pebbles and partly with the materials lo he dis- 
persed. They are rotated slowly, resulting in a cascading of the balls. The pigment 
is dispersed by a combination of impacts from the falling balls and attrition caused by 
the rolling of the balls against one another and against the shell. Ball mills have some 
inherent advantages, such as elimination of the need for a preliminary mixing, the 
fact that they need uo attention during the grinding period, elimination of solvent 
loss in the closed grinding chamber, ancl the low operating costs in general. On the 
other hand, they are expensive and difficult to clean. Coutamination with abrasion 
products from balls and wall seems unavoidable, often necessitating clarification. 
Ball mills are restricted to low-viscosity inks, 1n view of their discharge by How. The 
operation of a ball mill is affected by a great number of variables, such as ball size, 
ball Joad, ball material, fractional volume of balls and of charge, speed of rotation, size 
as well as ratio of length and diameter of the shell, and temperature of the charge. 

Ball mills are used extensively in the manufacture of inks with volatile solvents, 
such as gravure and aniline inks. A recent apphestion is the manufacture of news inks 
from densified blacks, which is advantageously carricd out jn a ball mill at elevated 
temperatures. Deunsified forms of carbon black camniot he ground very well on a 
three-roller mill, but the dispersion proceeds smoothly in a ball mill above 150°C. 
with mineral oil vehicles. The use of steam-heated ball mills allows the manufacture 
of news inks from the lower-priced and easily bulk-handled pelletized form of carbon 
black. 

Colloid Mills. In the colloid mill a mixture of vehicle and pigment is foreed 
through the clearance between a high-speed rotor and a stator, The dispersion is 
caused primarily by the shearing action of the rotor ou the material. The factors 
determining the efficieney of the mill are the peripheral speed of the retor, the size of 
the clearance, and the viscosity of themix. See Vol. 5, p. 705. 

: Colloid mills have been used on a large seale in the manufacture of news inks from 
premixed pigments and vehicles, largely on account of their low operating cost: and 
their high production rate. Their grinding action, however, is rather limited and 
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extensive centrifugal clarification of the inks is desirable in order to remove undis- 
persed pigment aggregates. Since smaller ball mills are uneconomical, small hatches 
of colored gravure or aniline inks are often advantageously dispersed with the aid of a 
colloid mill. Colloid mills, however, are only applicable to low-viscosity inks, and 
therofore are not suitable for conventional typographic inks. 


FLUSHING 

Many manufactured pigments are prepared in the water phase and are first ob- 
tained as an aqueous pigment pulp, which is dried and pulverized before being in- 
corporated into a vehicle. In another method of pigment meorporation, known as 
flushing, o direct transfer of the pigment takes place from the aqueous into the oily 
phase, without intermediate drying, pulverizing, or grinding. Phase trausfer is gener- 
ally accomplished by mixing the pigment press cake with u concentrated water- 
immiscible vehicle in a heavy-duty dough mixer. After transfer of the pigment, 
most of the water is separated anc may he removed. Complete dchyclration requires 
further processing—-usnally beating for several hours in vacuum. Occasionally the 
water is partly pressed out and partly evaporated by passing the mixture of pigment, 
vehicle, and water over a heated three-roller mill (see also Pigments (pulp and flush 
colors)). 

A pigment particle transfers from an aqueous into an oily phase only if the free 
energy of the pigment-oil interface is less than that of the pigment-waler interface. 
Most organic pigments are preferentially welted by ols and they transfer easily from, 
the aqueous into the oily phase. Other pigments, such as iron blues, have an inter- 
mediate position. Again pigments such as titanium dioxide are preferentially wetted 
by water anc would thus show a reverse phase transfer from the oily phase into the 
aqueous phase if an oily dispersion were contacted with water. 

The surface properties of a pigment can be changed by altering the surface. 
Thus, the change of iron blues into organophilic pigments may be accomplished by the 
adsorption of cationic wetting agents, usually long-chain aliphatic amine derivatives. 
Treated iron blue pigments are easily flushed. 

During flushing, emulsions are frequeuthy formed which prevent the removal of 
water. Oecasionally, agents arc used which assist in preventing the formation of 
emulsions and act to break existing emulsions. The fact that the action of surface 
active agents often depencls ou their concentration makes the flushing process rather 
intricate to carry out on a commercial scale. 

Controversial opinions have been expressed about the properties of flushed colors. 
It appears, however, that certain colors, such as iron blues, lose some strength upon 
being flushed, while others, such as Phloxine, gain slightly in strength. The majority 
of colors are lot greatly affected. There are some colors, such as Alkalt Blue, which 
crystallize upon drying and are very advantageously made by flushing, The often 
expressed opinion that flushed pigments are better dispersed than ground pigments 
is not necessarily correct, in view of the occurrence of secondary flocculation of dis- 
persed particles, often promoted by the presence of traces of moisture unavoidable 
in flushed inks. 

Flushed colors ave of commercial importance in ink making where bulk inks of 
definite shades and: composition are handled. For smaller batches and frequently 
changing compositions, the lack of versatility of flushed colors seriously hampers 
their application. 


PRINTING INK I61 
Rheological Properties 


The working qualities of an ink on the press are determined by its flow character- 
istics. Typographic and hthographic inks, which are generally viscous liquids, must. 
have a low yield value to flow under gravity in the ink fountain of the press. In the 
distribution phase, the ink viscosity must not be too high, in order to effect a proper 
ink transfer at the prevailing press speed from one roller to the next in the multiple- 
roller distribution system. Tinally, in the transfer phase of the ink from form to paper, 
the ink viscosity ancl tack are of the utmost importance. At the moment of impression 
the printing pressure tends to displace the ink deposited from type or halftone dot in a 
sideways direction. Such a displacement frequently causes a distortion of the elements 
of reproduction, especially on rougher paper stocks, resulting in poor reproduction. 
Tn order to counteract this tendency to ink displacement, a viscous ink is desirable. 

On the other hand, upon separation of ink and paper, after the impression, a 
force is exerted upon the paper by the ink film. If the ink is too tacky, parts of the 
paper surface may he ripped off, a phenomenon known as picking. Since the more 
viscous inks are also the tackier, ink viscosity should be af a minimum to prevent 
picking. These contradictory demands require a careful balance of ink viscosity. 
Inks designed for low-speed. presses are more viscous, in view of the reduced tack re- 
quirements (9). 

A complicating factor is that printing inks are non-Newtonian, plastic bodies 
whose viscosity depends on the shearing stress to which they are subjected. A proper 
evaluation of the viscosity can only be carried out for inks under a rate of shear com- 
parable to the rate of shear on the press. A variable-speed rotational viscometer is a 
suitable instrament to indicate ink viscosities at different shearing stresses (6). Tor a 
single check of ink flow, a parallel-plate viscometer is advantageous (12). 

A phenomenon which influences the rheological properties of inks is thixotropy. 
Thixotropic inks decrease their resistance to flow when agitated but revert to the 
original condition upon standing. The period required for returning to the original 
state may vary from a fraction of a second to a few minutes, hours, or even days. Pro- 
nounced thixotropy in inks is undesirable, since it affects the distribution phase of the 
ink, resulting in lack of flow in the fountain of the press. Inks which require a long 
period of time to revert to the state of deficient flow alter agitation are sometimes 
used. A fountain agitator facilitates the adaption of thixotropic inks on a press. 

Yn wet multicolor printing, cach ink film must form a snitable basis to receive the 
next film, a phenomenon known as trapping. Proper trapping is achieved only when 
each consecutive film is less tacky than the previous one, since otherwise upon film 
separation parts of the already deposited film may be pulled away. In order to pre- 
dict ink behavior with respect to trapping, it is necessary to measure the tack of each 
ink at the actual press speed. This may be accomplished by means of an instrument. 
known as an ‘“inkometer,” which essentially measures the torque due to tack of an inked 
roller exerted on another at various speeds (7). . 


Testing . . 


The complex characteristics of a printing ink can be fully evaluated only ou a press 
under the conditions of a commercial run. Since this can obviously not be done in a 
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printing-ink manufacturing establishment, other means have been devised for the 
testing of inks, A proofing press often yields valuable information about the prop- 
erties of an ink, especially when the ink is mm simultancously in a split fountain ar- 
rangement with a standard of knawn performance, The prints obtained may he 
checked for drying speed and resistance to light, chemicals, and abrasion. 

Drying speed is often measured manually, by establishing the Lime required for 
the print to resist ink displacement by manual rubbing. Various instruments have 
been devised in which a similar test is carried out automatically by means of a slowly 
moving stylus pressing against a sheet of paper placed on the print. Drying of the 
print often, though not always, coincides with the terminatiou of an ink track caused 
by offset of an incompletely dried ink film. 

Resistance to abrasion may be tested manually or by means of an automatic 
abrader, of which several types exist, none of which are yet completely satisfactory. 
Resistance to light is generally measured by exposure of a print to a carbon-are light 
in a Fade-Ometer. There is a fair correlation between Che results obtained by the 
instrument and by direct exposure to sun light. Resistance to chemicals, such as 
acidg, alkalies, and soaps, is usually evaluated by direct contact of a print with the 
chemicals in a solution of the desired concentration. 

The shade of an ink is generally compared visually with a standard, under proper 
lighting conditions. Occasionally it is done by means of a photoelectric color analyzer, 
which gives the tristimulus values (red, blue, and yellow contributions). The com- 
plete record of the variation of intensity of every visible wave length of the light re- 
flected from the print may be obtained by means of aspectrograph. (See Color (meas- 
urement).) 

Color strength is often measured by means of a bleach test in which the ink is 
mixed in a given ratio with a white ink. The tintmg strength is then identified with 
the color strength. More significant results are obtained by measuring the brightness 
(reflectance) of a print by means of a photoelectric brightness tester, since the contrast, 
(difference in brightness with the background expressed in terms of the background 
brightness) is here the determining factor. 

Fineness of grind, an important property for inks used in halftone printing, j 8 
measured by means of a wedge test, in which a drop of ink is deposited at the lower cud 
of a wedge-shaped depression in a steel plate. Upon drawing the ink along the 
wedge with a blade, an ink film is formed with gradually decreasing thickness. Grit 
and aggregates are made visible as speckles and scratches. ‘The greater the film thick- 
ness at which the grit appears, the poorer the ink grind (3). 

Livering is a defect. found in inks in which the pigments react chemically with 
vehicle constituents. It causes the ink to body up and finally to gel completely. 
Since the appearance of livering may take many weeks or months, an accelerated liver- 
ing test is often carried out by exposing the ink to a temperature of 75°C. Absence of 
livering after 72 hours usually indicates that the ink will remain free from livering 
for most practical applications. . 

For inks drying by penetration, the speed of penetration is of importance. It 
may be measured indirectly by determining the gradual change of brightness on the 
reverse side of the paper on which the ink had been deposited in great, excess (13). 

While the chemical analysis of inks is seldom of importance, it is carried out oc- 
casionally. The methods followed are basically those of conventional analysis, 
adapted for the particular product, 
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ANDRIES Vout 


PROACTINOMYCIN. See Andbiot'cs, Vol. 2, pp. 27, 32. 

PROCAINE HYDROCHLORIDE, p-H.NCgHisCOOCLHiNCHin.HCl See Anesthetics, 
Vol. 1, pp. 909, 910. 

PRODIGIOSIN, CepHaN,O0. See Pyrrole, p. 349. 

PRODUCER GAS. Sce Coal, Vol. 4, p. 126; Manufactured gas, Vol. 8, p. 765, 

PROFLAVINE, CiusHiN;. See Aeridine dyes, Vol. 1, p. 172. 

PROGESTATIONAL HORMONES; PROGESTERONE, CyuHyO. See Hormones 
(sex), Vol. 7, pp. 525, 526. 

PROLACTIN. See Hormones (anterior-yituitary), Vol. 7, p. 486. 

PROLAMINS. See Proteins, p. 282. 

PROLINE, CaHsNCOOH. See Amine acids, Vol. 1, p. 719. 

PROMETHIUM, PROMETHEUM, Pm. See “Element 61” under Elements. 

PROPADIENE, CH.:C:CHs. See “Allene” under Hydrocarbons, Vol. 7, pp. 605, 641. 

PROPANE, CH,CH.CH;. See Hydrocarbans, Vol. 7, pp. 693, 638. 


PROPANOLAMINES 


The propanolamines are amino alcohols (q.v.) (hydroxy amines) and are of two 
types, either straight-chain or branched. Like the ethanolamines (q.v.), they may 
be considered derivatives of ammonia (NH) in which at least one of the hydrogen 
atoms is replaced by either the 3-hydroxypropy! radical, —CH»CH,CH.OH, or the 
2-hydroxypropyl radical, —CH.CHOHCH;. (Derivatives of ammonia in which 
hydrogen has been replaced by the 1-methyl-2-hydroxyethyl radical, —CH(CHa)- 
CH,OH, have also been called propanolamines; for example, 2-amino-1l-propanol, 
NH.CH(CH;)CH.OH, has been called 8-propanolamine, and norephedrine, NH2CH- 
(CH;)CH(C.Hs)OH, phenylpropanolamine. Derivatives of this type will not be 
considered here.) 
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The term “propanolamines” is commonly used to include the mono-, di-, and 
tripropanolamines (NH2C;H,OH, NH(C;HsOH)2, aud N(CsHsOH);, respectively), 
in both the straight- and branched-chain series, or more specifically only those in the 
straight-chain series in distinction from the “isopropanolamines.” The term ‘iso- 
propanolamines” is objectionable as a hybrid name, just as is “isopropanol” for iso- 
propyl aleohol (see Prepyl alcohols (soy). The nomenclature of the six simple pro- 
panolamines is given in Table I. 

TABLE I. Nomenclature of Propanolamines, 





CA. name 








Formula Common name 
NIPCHC HC HLOH Mounopropanolamine 3-Amino-1-propanol 
NH(CHeCH2CALON)2 Dipropanolamine 3,3/Iminodi-1-propanol 
N(CHLCH.CH2OF)s Tripropanolamine 3,3/,3°-Nitrilotri-l-propano) 
NIBCH»CHOHCH, Monoisopropanolamine 1-Amino-2- propanol 
NH(CH.CHOHCHs) JXisopropanolamine 1,1/-Iminodi-2-propano] 


N(CIRCHOHCH ay), Triisopropanolamine 1,1/,1’-Nitrilotri-2-propanal 











These propanolamines do not occur naturally. The isopropanolamines have been 
commercially available longer (12a) than the normal compounds, of which only mono- 
propanolamine has recently been put on the market. The di- and. tripropanolamines 
are not well known since they must he made from starting materials that are not reaclily 
available. Three alkyl and aryl derivatives are also on the market: dimethyliso- 
propanolamine (1-dimethylamino-2-propanol), dibutylisopropanolamine (1-dibutyl- 
amino-2-propanol) (in research quantities) (4a), and (o-folylisopropanolamine (1-(o- 
tolylamino)-2-propanol). 


Physical and Chemical Properties 


Monoisopropanolamine and monopropanolamine are colorless liquids at room tem- 
perature, whereas di- aud triisopropanolamines are white solids at room temperature, 
The propanolamines are water-soluble, have a mildly ammoniacal odor, show marked 
hygroscopic tendencies, and react readily with acidic gases. The phystological proper- 
ties of the propanolamines are similar to those of the ethanolamines. 

The physical properties of some simple and nixed propanolamines and alkyl deriva- 
tives are given in Table II. 

Reactions. The propanolamines entcr into reactions which are typical of ammonia 
and ammonia-substituted compounds and in gencral similar to those of other alkanol- 
amines such as the ethanolamines. Perhaps the main difference lies in the solubility 
of the final products, the derivatives of the propanolamines in general exhibiting 
greater oil solubility than thosc of the ethanolamines. Some typical reactions result- 
ing from the bifunctional nature of the propanolamines follow: 

Dehydration. Monoisopropanolamine can be dehydrated to form an ethylen- 
imine, 2-methylaziridine (1,4,7): 


CH, CH, CET 
j TE: “4 b , 4 heat _ | . NaOH 
HOCHCH:NH, -- H.S0, ——+ HOCHCIRNH, SOW —_, -80,CHCHNE? ——— 
— TO 
CH, GEG 
. Naokt 
r NaSOsGHOTLNE, —*, CH~—-CH, 
‘ het Nw / 


H 
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Diisopropanolamine can be dehydrated to form 2,6-dimethylmorpholine (13); 


5 Hy c Hu 
non CH.CHOH 
HAS0, Ho 
nt TSO. s0,HN 1804, 
\ Ny — He 
CHLCHOE C Hee HOT 
G Oey CH; 
CH: (is 
CHi— du CH —CH 
; a aN NaOH if a 
HSOWDN bp ——> BN 0 
a 
GE —-CH OHH 


Acetylation. N-Acetylisopropanolamine  (2V-(2-hydroxypropylacetamide) — is 
formed by the reaction of acetic acid with monoisopropanolamine (2,6): 


he: 


t 
NU,CH,CHOTICH,; + CH,COOIL aan CH,CON HCH..CHOHCH, 4+ HO 





Polymer Formation. Under the proper conditions, polyester polyamides are formed 
by the addition of a dicarboxylic acid to mono-, di-, or triisopropanolamine. The last 
compound forms a cross-linked polyester polyamide (16). The addition of propylene 
oxide (see Vol. 5, p. 922) to triisopropanolamine is said to produce a compound having 
the formula N ((CH.»CH(CH,)0O),H ]3 (12). 

Electrolytic Oxidation. Monopropanolamine forms f-alanine m 76-80% yield 
(9,10): 

Pb electrodes 


NELCH,CH-CH,OH ———-—--> NH,.CH,CH,COOH 
ESO, sala. 


Preparation 


The isopropanolamines may be prepared by the ammonolysis of either propylene 
oxide or the halohydrin 1-chloro-2-propanol, CICH,CHOHCH;. The latter method is 
not used owing to difficulties in the distillation of the amines from the ammonium chlo- 
ride formed in the reaction. Therefore the isopropanolamines are prepared commer- 
cially by the reaction of propylene oxide with ammonia: 


NH; + CH.CH.CIL.O ——> NH, CH:CHOHCH, 


NH: CH-CHOHCH; + CH;CH.CH,.0 ———> NH(CH.CHOHCH;): 
Le 


NH(CH,CHOHCH)): + CH,CH.CH2.0 ——-> N(CTCHONMCHS)s 
L_—_——-] 


The reaction is exothermic and is usually carried out ai temperatures of 50-100°C, 
under pressures of 150-300 p.s.i. It may berun, at controlled temperature and pressure, 
either in a coil-type reactor by continuously pumping aqueous ammonia and propylene 
oxide into the coil, or in a kettle-type reactor by slowly pumping the propylene oxide 
into the ammonia solution in the agitated kcttle. The yield of usable product ranges 
from 90 to 100%, depending upon the conditions employed in the reaction and sub- 
sequent purification, The proportion of the three amines—mono-, di-, and triiso- 
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propanolamines—present in the reaction products depends wpon the ratio of ammonia 
to propylene oxide used. A large excess of ammonia favors the formation of monoiso- 
propanolamine. Water has always been believed to aid this reaction and most com- 
mercial processes use 28-50% aqueous ammonia; however, Schwoegler has claimed 
an anhydrous process (15). - 

The separation of the isopropanolamines formed by this process is accomplished 
by distillation under reduced pressure. 

Propylene oxide will react with nearly all nitrogen compounds having one or more 
active hydrogens attached to the nitrogen. Thus, a large number of mixed alkanol- 
amines can be ade by reaction of propylene oxide, under the conditions described for 
ammonia, with such alkanolamines 1s mono- and diethanolamines and mono- and di- 
butanolamines. 

Alkyl- and arylamines coutaining active hydrogens attached to nitrogen also 
react with propylene oxide to give such products as o-tolylisopropanolamine, di- 
methylisopropanolamine (1-dimethylamino-2-propanol) and phenyldiisopropanolamine. 

Mixed isopropanolamines such as HN(CH.CH,OH)(CHeCH(CH;)OH) and 
N(CH,CH,CH,0H) (CH.CH(CH;)OH): are readily made by the reaction of propylene 
oxide with an amino aleohol such as monoethanolaminc or monopropanolamine. 

The straight-chain monupropanolamine can be prepared in 90% yield by the 
hydrogenation of ethylene cyanohydrin (5,8,11) (see Vol. 4, p. 758): 


Hy; Ni 
NCCH-CH,OH ——> NHsCH,CH,CH,OH 


The monopropanolamine ean also be prepared in 51% yield (26.5% conversion per 
pass) from acrolein (g.2.) 17): 
HO NHi; Ha; Ni 
CH: CHCHO —~—+ HOCH,CH,CHO ————"—> NH.CH.CH,CH.OH 

One method for preparing the di- and tripropanolamines is the reaction of the 
monopropanolamine with 3-chloro-l-propanol, CICH,CH.CH.LOH., 

Specifications. Table III gives typical specitications for some of the commer- 
cially available propanolamines. 

Production and Price Statistics. Production figures on quantities produced are 
difficult to obtain, but indications are that the 1952 production was between 1 and 5 


TABLE Wil. Specifications of Some Propanolamines, 





Di-triisopro- 











Monaisopro- Mixed isopro- pasiolamine o-Tolylisapro- 
panolamine* panolaminesd mnixture® panolamined 
Tap. Ge. eee ee —2 _ 29.5 _ 
Boiling range, °C... .. 168-163 —_ 248-274 170-1805 
SPBT cee eee 0.60-0,6428 1.002-1 01238 0.98458 1.085-1 04530 
Flash point, °F........ 150 — 218 — 
Fire point, PP... 155 — 251 — 
Equiv. wt... 0... T5-T7 —_ ~- _ 
Color... cc. cece ee eee 20 Pt-Co max. 500 Pt-Co max.® — Amber 
Viscosity, centipoises 
At 26°C... eee 23 — —_ —_ 
AL BOS eee 5 _ —_ — 
2 O5% grade. 
6 10-15% monoisopropanolumine, and 40-50% each di- and triisopropanolamine. * 


* 80-85% diisopropanolamine, 15-20% triisopropanolamine. 
2 Sold as “o-Toly]l Propanolamine”’; C.A. name, 1-(o-tolylamino)-2-propanol. 
¢ American Public Health Association Water Standard (APHA—See Vol. 4, p. 248). 
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million pounds. ‘The production of ethanolamines and all other hydroxy alkylene 
amines and diamines (except ethylenediamine) through 1947, is given under Bthanol- 
amines, Vol. 5, p. 855, Table IIT. 

. The price of the isopropanolamines very closely approximates that. of the ethanol- 
amines. Monoisopropanolamine was selling in June 1953 at 26.25 cents per pound. 
Monopropanolamine, as a very recently available amine with production capacity still 
in the developmental stage, sold for $2.00 per pound in 1952; after large-seale pro- 
duction is started, the price should eventually approach $0.50 per pound. The price, 
in May 1953, of o-iolylisopropanolumine was $1.25 per pound in drums. 


Uses 


The structure of isopropanolamines so closely approximates that of the ethanol- 
amines (q.v.) that the uses also correspand very closely. The udded methyl group usu- 
ally gives increased oil solubility to the isopropanolamines and their derivatives. 

Monisopropanolamine, mouopropanolamine, and mixed isopropanolaniines have 
potential value as intermediates in the synthesis of soaps, wetting agents, and dyes. 
‘They may also show promise in the preparation of polyester-polyamide resins (16). 
Two propanolamine cthers, 3-isopropoxypropylamine and 3-methoxypropylamine, 

-have also been suggested for use in the synthesis of emulsifying agents, germicides, 
and pharmaceuticals (see also p, 192). 

Salts of the propanolamines with 2,4-dichlorophenoxyacetic acid show great 
promise as weed killers (18). 

The use of the propanolamines as light stabilizers in polystyrene and substituted 
polystyrene has heen demonstrated (14). 

The 3-dialkylaminopropyl benzoates, R2NCHzCH»CH,OOCC,H,, are said to be 
effective antispasmodies and local anesthetics (3). 
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PROPANOLS. Sce Propyl aleohols. 

PROPARGYL ALCOHOL, CH:CCH2OH. See “Ethynylation” under Reppe chemis- 
try. , 

PROPELLANTS. See Feplosives, Vol. 6, p, 74; Rocket propellants. 

PROPENKE, CH.CH:CH». Sce Propylene, p. 193. 

PROPHENPYRIDAMINE, CisHaN.. See Histamine and antihistamine agents, Vol. 7, 
p. 471. 

6-PROPIOLACTONE, 0.CT,.CEa.CO. See Lactunes, Vol. 8, p. 183. 


PROPIOLIC ACID, HC:CCOOH. See Fatty acids, Vol. 6, p. 177 


PROPIONALDEHYDE 


Propionaldehyde (propanal (LU.P.A.C.),  propaldehyde, propyl aldehyde), 
CH;CH2CHO, formula weight 58.08, is a low-boiling, colorless, flammahle liquid w ith 
a pungent, aldehydelike odor. It is used ehiefly as a chemical intermediate. 


Physical and Chemical Properties 


Constants. M.p., —81°C!.; b.p., 47.9°C.; dj’, 0.7970; ni, 1.3619; viscosity, 
0.480 centipoise at 0°C., 0.320 at 25°C'.; sp-heat between 0 and 30°C., 0.522 eal./gram; 
heat of combustion, 7400 cal./gram; flash point (Tag open cup), 15-19°F. Its 
solubility in water at 25°C. is 31% by weight; the solubility of water in propionalde- 
hyde at 25°C. is 13% by weight. It is completely miscible with alcohol and ether. 
The experimental vapor pressure data may be represented by the following equation 
(P = mm. He,t = °C.) (15): 


1166.99 


log P = 7.07980 — 4 930 





Azeotropic Data. With water, propionaldehyde forms an azeotrope distilling at 
47,.8°C. The distillate contains 1.99, water and 98.1% aldehyde by weight (15). 
Binary azeotvopes are also formed with methylene chloride, chloroform, and carbon 
disulfide (6). 

Reactions. Propionaldehyde gives the general reactions of aldehydes (q.0.) and 
resembles buiyraldehyde (q.v.). For reactions of commercial importance, see “Uses,’”’ 
p. 171. 

Decomposition, Upon exposure to ultraviolet light, iodine, or heat, propionalde~ 
hyde decomposes to give mainly carbon monoxide and ethane among other products 
(3). 

Polymerization. Although it has been reported by many observers that propion- 
aldehyde tends to undergo rapid polymerization, this aldehyde is stahle when dry and 
stored in. a nitrogen, atmosphere (15). 

Oxidation and Reduction. Propionie acid (¢.v.) can be prepared by the oxidation 
of propionaldehyde using air (8), hypochlorite (16), or the usual chemical oxidizing 
combinations such as dichromate and acid or alkaline (or acidic) potassium permanga- 
nate. Selenium dioxide oxidizes propionaldehyde to pyruvie acid (2-oxopropanoic 
acid), CH;COCOOH. An interesting patent (28) describes the air oxidation of 
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propionaldehyde to propionic anhydride in the presence of cobalt: and copper acetate 
as the catalyst. 

When pure, propionaldehyde is sensitive to air and forms perosides (11), The 
usual antioxidants, such as hydroquinone (q.r.), are effective in retarding this peroxide 
formation. 

Treatment of propionaldehyde with hydrogen ii the presence of a catalyst gives 
n-propyl alcohol (q.v.). 

Aluminum ethylate catalyzes the formation of n-propyl propionate from propion- 
aldehyde (Tishchenko reaction) (4), while the use of magnesium aluminum ethylate as 
the condensing agent results in the formation of the 1-propionate of 2-methyl-1,3- 
pentanediol (20) : 

3 CH,CH,CHO — CH,CH,CHOHCH(CHs)CR,O0CC CTs 

When liquid propionaldehyde is treated with phosphorus oxychloride er a base, 
the expected aldol, 8-lhydroxy-e-methylvaleraldehyde, is formed (1), and is easily de- 
hydrated to a-methyl-6-ethylacrolein (2-methyl-2-pentenal) : 


POCL heat . , . 
2 CHCHCHO "Ys CECHCHOHCH(CH CHO > CIRCTRCH:C(CH)CTIO. 4 EO 


When propionaldehyde vapor under pressure is passed over a chromic oxide 
catalyst in a nitrogen atmosphere at 400°C., 2-pentene (40%) and 2-methyl-2-pentenal 
(18.7%) are formed (7). 

Aldol Condensations (Reactions with Aldehydes antl Ketones). Propionaldehyde 
and excess formaldehyde at 100°C. in the presence of aqueous boron trifluoride give 
methacrolein (methacrylaldehyde), CH,:C(CH;)CHO, in an 84.5% yield (8-44), Th 
the presence of an alkali metal hydroxide, the reaction between propionaldehyde and 
formaldehyde gives pentaglycerol (2-hydroxymethyl-2-mothyl-1,3~propanediol) (18): 


CH,CERCHLO -- 3CHLO + OH~ ——— CH,C(CH,OH); + HCOO~ 


In the reaction with methyl ethyl ketone (2-butanono) under basic conditions, it is 
the methylene group of the ketone which reacts with the propionaldehyde to give 4- 
hydroxy-3-methyl-2-hexanone (14): 


OH- 
CH,CHLCHO + CH;CH:COCH; ———~ CH;CIRCHONCH(CHAYCOCT; 


Reactions with Ammonia, In the presence of alumina, propionaldehyde reacts 
with ammonia at 200°C. to give mixtures of pyridine bases including 3,5-hitidine (8,5- 
dimethylpyridine), (CH2)eC;H,N, and 2,3,5-trimethylpyridine, (CHs)sC;HoN (12). 
Tf a copper-zine catalyst is used and the reaction temperature is raised to 300-500°C., 
the reaction between propionaldehyde and ammonia results in the formation of 
propionitrile (ethyl cyanide), CHsCH,CN (26). If ammonia and propionaldehyde are 
passed over @ catalyst of chromic oxide on alumina at 500-700°C., acrylouitrile (vinyl 
cyanide), CHy: CHCN,, is formed (21), 

Miscellaneous Reactions. The acetals (q¢.v.) of propionaldehyde have been pre- 
pared in the usual manner (by adding alcohols in the presence of « trace of mineral 
acid) as well as by adding ortho esters (see Vol. 5, p. 824) in the presence of small 
amounts of acid (13): 


, ut 
CH;CH,CHO + HC(OR); ——— CH,CH.CH(OR} + HCOOR 
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The reaction between ketene (q.v.) and propionaldehyde in the presence of a Friedel- 
Crafts type catalyst results in the formation of B-valerolactone (6-hydroxyvaleric acid 
B-lactone) (27): 


CHCO + CHsCHLCHO 





> CH, CHLCHCH.CO 
Lg —4 


Tf an acid catalyst, such as a sulfonic acid, is used, however, the product is the acetate 
of the enol form of the aldehyde (propenyl acetate) (22), CH,;CH:CHOOCCH:. 
Propylidene diacetate is formed in a 739% yield when propionaldehyde and acetic 
anhydride are allowed to react in the presence of boron triffuoride etherate (9). 


a BY 
CHCHACHO + (CHiCO),0 5 CH CH CH(OOCCH)): 


etherate 


Manufacture 


Propionaldehyde has been prepared commercially by three different methads: 
(1) It is available along with other oxygenated aliphatic chemicals from the modified 
Fischer-Tropsch process for the preparation of higher hydrocarbons (sce Puels, syn- 
thetic Wquid); this is the present commercial source for the material, (2) The de- 
hydrogenation of v-propyl alcohol in the presence of a copper-type catalyst yields 
propionaldehyde. (3) The air oxidation of propane-butane mixtures yields propion- 
aldehyde together with other oxygenated aliphatic compounds. Material from this 
source Wwas withdrawn from the market in 1948, 

Patents have heen pranted for the preparation of propionaldehyde by various 
methods includiug the dehydrogenation of n-propyl] alcohol (17); rearrangement of 
allyl aleohol at 55°C. in the presence of iron pentacarbonyl, Fe(CO)s (83); catalytic 
dehydration of 1,2-propanediol (propylene glycol) vapor at 80-110°F, using silica (30) ; 
the oxo process (see O2zo and oxyl processes), the reaction of ethylene, carbon monoxide, 
aud hydrogen wider pressure in the presence of catalysts (82); and rearrangement of 
propylene oxide in the presence of chromic oxide~cadmium oxide-cadmium chloride or 
an alum catalyst at 300°C. (81). 

Propionaldehyde of high purity can he prepared by treating commercial material 
with a suitable drying agent (such as Drierite) followed by fractional distillation in a 
nitrogen atmosphere (15), The purified aldehyde should be stored in an inert atmos- 
phere to prevent oxidation (11,15). 

Propionaldehyde ean be stored and shipped in stainless-steel containers. Alumi- 
num is also suitable for short storage periods, Trou drums are not recommended even 
when the aldehyde is stored under an atmosphere of nitrogen. Resin-lined iron drums 
have, however, been used. Railroad regulations require that the containers bear a 
red label. 

At the present time production capacity is fur in excess of demand. Although 
no production figures are available, the 1952 consumption was probably less than 
250,000 Ib. During 1952, the price dropped from 60¢ to 30¢ per Ib. in 1c]. quantities. 


Uses 


Propionaldehyde is used chiefly as a chemical intermediate.’ Therefore, its im- 
portant uses are at the same time a summary of its important reactions and deriva- 
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tives. The total uses, however, ure very small compared to those of hutyraldehyde or 
acetaldehyde (q.v.). 

Polyvinyl propional resins prepared from the reaction with polyvinyl alcohol have 
beeu suggested for use in the preparation of laminated safety glass, photographic 
films, and packaging materials for textile products (25), Phenol-propionaldehyde 
resinous condensation products are said to he good demulsifiers (29), tackifiers for 
rubber (10), and oil additives with detergent properties. The condensation products 
of propionaldehyde and sulfonated aromatic compounds have heen suggested for use 
as certain ion-exchange resins (24). 

Rubber accelerators and antioxidants can be prepared by the reaction hetaween 
propionaldehyde and ammonia or amines. The oxime has been suggested for use as an 
antiskinning agent for air-hardenable coating compositions (19). 

The aldol from propionaldehyde, CH,CHeCHOHCH(CH,)CHO, can be de- 
hydrated and hydrogenated to yield 2-methyl-l-pentanol, CH;CH:CH.CH(CH,)CH»- 
OH, b.p. 148°C., or it can be hydrogenated to yield 2-methyl-1,3-pentanediol, b.p. 
215°C. This glycol was formerly available (1947), but has been withdrawn from the 
market. A polyol of use in the production of some allkcyd-type resins is pentuglycerol, 

7H;3C(CH20H),, prepared in a manner analogous to the preparation of pentaerythritol 
(g.0.), CCCHLOH),4, and used in Germany during World War IE (8). 

The base-catalyzed aldol-type condensation between aromatic aldehydes and 
propionaldehyde yields unsaturated aromatic aldehyces of use as invermediates in the 
perfume industry: 


base 





ArCHO + CH,CH.CHO > ArCH:C(CH)CHO + ERO 
Tetronal (3,38-his(ethylsulfonyl)pentane), a soporific, is prepared from propionalde- 
hyde as follows: 


CohShH Q ; Cal gC] 
a 
(CH CER )},C(SOaC2Hs): 
Tetronal 
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PROPIONIC ACID 


Propioni« acid (propanoie acid (I.ULP.A.C.)), CHsCH.COOH, formula weight 74.08, 
is a water-vhite liquid with a pungent odor. It is miscible with water in all pro- 
portions, but only partially misetble with some salt solutions. Thus it can be salted 
out of a water solution by adding caleium chloride, the acid appearing as an oil layer. 
This fact is of special interest because it is suggested in the name “pro-pionic,” which 
is from the Greek meaning “first fat.” Actually it is the third member of the fatty 
acid series, the higher members of which are constituents of the true fats. See Fatty 
acids (survey). 

Propionic acid is found in milk and milk products, butter, and cheese. It contril- 
utes to the aroma of butter and cheeses, that of the latter heing espectally enhanced 
by fermentation. It has heen identified in straight-run gasoline distillate and in gas 
well condensate, and it occurs in the carbonization products of coal and wood. 

Propionic acid is used in the manufacture of esters, salts, and many other deriva- 
tives in part analogous to the more common acetic acid derivatives. 


Physical and Chemical Properties 


Constants. M.p., —224°C.; bp. (4b1°C.: di, 0.992; n§, 1.38874; vapor 
pressure, see Table I; viscosity at 26°C., 0.01035 poise; surface tension at 20°C, in 
contact with air, 26.7 dynes/em.; crit. lemp., 8389,5°C.; crit, pressure, 53.0 atm.; 
erit. density, 0.315 gram/iml.; sp.heat between 20 and 137°C., 0.560; heat of fusion, 
23.4 cal./gram; latent heat of vaporization, 98.8 cal./gram; heat of combustion to 
carbon dioxide and water at 20°C., 367 kg.-cal./mole; flash point (open cup), 140°F,; 
Kat 25°C,, 1.384 10-5, Itissoluble in water, alcohol, and ether. 
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TABLE IL. Vapor Pressure of Propionic Acid. 


Vapor pressure, 


Vapor pressure, 











Temp., °C, rum. Lg Temp, °C. mm. Ug 
ce 1 Theol s eee eee 60 
Q2B.D. cee eee 5 BH... ee eee 100 
BOLT eee 10 102.5... eee 200 
BZ.0.. eee 20 T22.0..... eee eee 400 
GOB... eee 40 5 es 760 





Reactions. Propionic acid reacts normally as 4 carboxylic acid, forming an acid 
chloride, an anhydride, an amide, and a nitrile. Salts and esters are readily prepared, 
and the halogen substitution products are useful dn preparing derivatives, See also 
Acids, carboayle. 

Analysis. For assay, a water solution can be titrated with standard alkali to a 
phenolphthalein end point. Readily oxidizable impurities can be detected by a 
permanganate test. Acetic and butyric acids may accompany propiouic and can be 
quantitatively determined by a partition method (7). Propionic acid can be quickly 
identified in a mixture with acetic and butyric acids by microscopic examination of 
the mercurous salt (6). 


Manufacture 


There are many patents on synthetic methods for propionic acid, the references 
given being only representative samples of the more nuportant methods. 

One commercial process starts with n-propy! alcohol (q.v.), which is converted to 
propionaldehyde (q¢.v.) by dehydrogenation in the presence of air over a @uprous oxide 
catalyst (11). The resulting aldehyde is oxidized to propiouie acid in a tower, in the’ 
liquid phase, at or below 125°C., using a cobalt acetate or propionate catalyst (12), 
In another commercial process, carbon monoxide is treated with ethyl aleohol under 
pressures of 350-700 atmospheres and temperatures of 180 -350°C., using a boron 
trifluoride catalyst (10). Tithylene and steam can be treated with carbon monoxide 
under similar conditions to yield the acid and the ester (14). 

Natural gas has become an important source of propionic acid mn two major 
processes for producing chemicals from natural gas. The Hydrocol version of the 
Fischer-Tropsch process (see Vol. 6, p. 972) for synthesizing gasoline from natural gas 
yields oxygenated, water-soluble by-products, including propionic acid. Air oxidation 
of natural-gas hydrocarbons produces propyl aleohol and propionie acid (2). 

In by-product hardwood carbonization plants acetic acid is recovered from the 
pyroligneous liquor (see Vol. 1, p. 61); in the crude form. this acid alse contains formic 
and propionic acids, as well as small amounts of butyric and higher aliphatie acids. 
Usually some of the formic and propionic acids is sold with acetic acid as a commercial 
grade, However, the propionic acid can be separated in good purity and may amount 
to'4-5 pounds per cord of wood carbonized. See also Wood. 

Propionic acid can be made by fermenting various crude carbohydrates, such as 
molasses (g.v.) with one of the several species of propionic acid bacteria. There are 
numerous patents covering fermentation processes, but: these methods have not been 
used in large-scale manufacture (9). See Vol. 6, p. 336, 

Propionic acid is shipped in aluminum tank cars and in aluminum or stainless- 
steel drums. Type 316 stainless steel and 38 aluminum are suitable for processing 
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equipment and storage tanks. Copper and bronze are also satisfactory if air is ex- 
cluded. 


General Economic Aspects 


For many years the chief commercial source of propionic acid was the hardwood 
curbonization industry. Suitable synthetic methods were not known. Moreover, 
neither n-propyl alcohol nor propionaldehyde, from which the acid could be prepared 
by oxidation, was available in commercial quantities. Between 1930 and 1940 syn- 
thetic methods were developed, starting with readily available raw materials such as 
ethyl alcohol, ethylene, and carbou monoxide. Also, hydrocarbon oxidation methods 
are producing n-propyl alcohol and propionic acid in large amounts. 

It seems likely, because of the increased availability of the acid, that the manu- 
facture and use of propionic acid will undergo a period of considerable expansion. 
Propionic acid was quoted in May 1953 at 19¢ per pound in tanks, f.0.b. works, 
vompared with acetic acid at 9¢ and butyric acid (99%) at 32.5¢. 

The U.S. Tariff Commission reported 1950 production of synthetic propionic acid 
and anhydride as 13,525,000 pounds. This amount inchides plant-consumed material, 
and although the quantity of sales was uot given it may be assumed that it was con- 
siderably less, The production from hardwood carbonization was about 350,000 
pounds. 


Uses 


Propionic avid can be used to procluce a large variety of useful compounds parallel- 
ing the more common acetic acid derivatives. For these products the commercial 
uses are limited to those whose properties have definite advantages over the corre- 
spouding acetic acid product sufficient to offset the increased cost. The relative 
unavailability has also worked against the employment of propionic acid where acetic 
acid could he used. 

Cellulose propionate is an important thermoplastic, produced from propionic 
auhydride and cellulose, Having good flow characteristics, it can be molded by 
injection or extrusion, and it has 4 relatively short molding cycle. It makes a tough 
article with excellent surface appearance and its uses include optical frames, instru- 
ment parts, and electrical insulating shapes. Mixed cellulose acetate propionate also 
is produced, See Cellulose derivatives, Vol. 3, p. 376; Cellulose derivatives—plastics. 

The propionic esters have a wide variety of frutty and floral aromas. Among the 
esters useful for perfumes and synthetic flavors are ethyl, propyl, butyl, isobutyl, 
isoamyl, benzyl, cimmamyl, linalyl, terpinyl, anisyl, citronellyl, geranyl, tsobornyl, 
and phenylethyl propionates. 

Amyl propionate is used as a high-boiling solvent for nitrocellulose, and phenyl 
propionate is a plasticizer for cellulose acetate. Propiophenone, C;H;COC Hs, made 
from propiouy! chloride and benzene, is used in the preparation of pharmaceuticals and 
in perfumery. Testosterone propionate (Vol. 7, p. 533) is the preferred ester of this 
important hormone, Among the plant growth regulators, or hormones, are a-(2,4- 
dichlorophenoxy)propionic acid and «-(2,4,5-trichlorophenoxy)propionie acid, the 
latter being used as a “color set” for fruit. See Plant growth substances. 

Starch and glucose propionates have been made from the carbohydrates and 
propionic anhydride. The propionic esters of the mono-, di-, and trisaccharides 
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can be distilled much more readily than (he acetic esters, a property which is useful 
in analytical separations of some sugius (5). 

Propionic acid and some of its salls have preservative and fungicidal properties. 
Zine propionate is useful for skin infections, such as ringworm, Caleium and sodium 
propionates have had wide use in the baking industry to mhibit certain undesirable 
mold growths. (See also Vol. 2, p. 89; Vol. 6, p. 886). These salts are also twed in 
tobacco products for mold control. Butter and some other food products may be 
beneficially wrapped in paper that has beén treated with sodiuin or calcium propionate. 
Sodium propionate is a safe and effective treatment for acetouemia (ketosis) in cows. 
A daily dose of 4 to 8 omnes per animal usually clears up the condition within 10 days. 


Derivatives 


The major intermediates that are used to prepare nmamerous other propionic acid 
derivatives are the chloro and bromo acids, the anhydride, and acid chloride,  6- 
Propiolactone is also used to prepare substituted propionic acid derivatives. For 
propionic esters, see Vol. 5, pp. 826, 845. 

Calcium propionate, Ca(C,H;Qz)2, formula weight 186.22, is usually prepared as a 
white powder, soluble in water and insoluble in alcohol. Tt is availuble in 25-, 100-, 
and 250-Ib. drums. 

Sodimm propionate, NaC,H,02, formula weight 96.07, in white powder fomn, is 
soluble in water and moderately soluble m alcohol, anc has a greasy feel. IL is avail- 
able in 25-, 100-, and 250-lb. drums. 

Propionic anhydride (propanvie anhydride), (CTCH2CO).0, formula weight 
130.14, is a colorless liquid, m.p. ~45°C!., b.p. 167°C., dP 1.012. It decomposes with 
water and alcohol and is soluble in ether. Propionic anhydride is available in t-gatlon 
cans and im 5- and 55-gallon drums. 

Propiony! chloride (propanoyl chloride), CH;CH2COCI, formula weight 92.53, is a 
colorless liquid having a pungent odor, m.p. —94°C., b.p. 80°C., d4? 1.065. It de- 
composes with water and alcohol, and is soluble in ether. Propionyl chloride is 
available in 5-gullon carboys. 

Propionitrile (ethyl cyanide), CH;CH.CN. See Vol. 9, p. 367. 

Propionamide (propanamide), CH;CH2CONTh, formula weight 73.09, is a erys- 
talline substance, m.p. 81.3°C., b.p. 218°C., dj? 1.042. Tt is partly soluble in water, 
alcohol, and ether, 

Propionanilide - (N-phenylpropionamide), CH,CH,CONHC,H,, formula weight 
149.19, forms colorless crystals, m.p. 105-106°C. It is sparingly soluble in cold water 
and. soluble in alcohol ancl ether. 

a-Chloropropionic acid (2-chloropropanoic acid), CHsCHCICOOH, formula 
weight 108,53, is a colorless liquid. ‘The dl-form, f.p. below —20°C., b.p. 186°C., is 
soluble in water, alcohol, aid ether. 

8-Chloropropionic acid (8-chloropropanoic acid), CHLCICH:COOH, formula 
weight 108.53, occw's as crystals melHing at 40-42°C., b.p. 204°C), and. is soluble in 
water, alcohol, and ether. 

e-Bromopropionic acid (2-bromopropanoic avid), CHyCHBrCOOH, formula 
weight 152.99, is crystalline; di-form, m.p. 25.7°C. and —3.9°C. (a labile form), b.p. 
205°C. It is soluble in water, alcohol, and cther. A 98% c.p. grade is available in 
bottles. . 
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8-Bromopropionic acid (3-bromopropanoic acid), CHaBrCH.,COOH, formula 
weight 152.99, m-.p. 62.5°C., bis 140-42°C., is soluble in water, alcohol, and ether. 

Hydracerylie acid (8-hydroxypropionic acid), HOCH.CH.COOH, formula weight 
90.08, has heen prepared only in water solution. It cecurs as a sirup containing 20- 
25% water, which decomposes to acrylic acid by heating. It is soluble in water, 
alcohol, and ether. 

8-Propiolactone (hydracrylic acid -lactone), O.CH2.CH:.CO, formula, weight 








72.06, is a colorless liquid, m.p. ~33.4°C., bro 150°C. Gvith extensive decomposition), 
bw 5L°C., a2? 1.1460, It is moderately soluble in water, with which it reacts slowly 
at room temperature to forin hydracrylie acid, It is miscible with alcohol and ether. 
6-Propiolactone has recently been made available by a new synthesis, the reaction of 
ketene with formaldehyde (18). This lactone is a highly reactive and synthetically 
useful conrpound from which many propionie acid derivatives can be made (3,4). 
(See also Vol. 8, p. 183.) A 97% grade is available in bottles, 5- and 12-gallon carboys, 
and 55-gallon drums, 
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PROPIONITRILE, CH,CH.ACN. See Niiriles and isocyanides, Vol. 9, p. 367. 
n-~PROPYL ACETATE, CH3sCOOCHLCH.CH;. See Esters, organic, Vol. 5, p. 848. 
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PROPYL ALCOHOLS 


The two isomeric propyl aleohols, C,H;OH, are the primary n-propyl alcohol, 
CH, CH,CHLOH, and the secondary isopropyl alcohol, CH;,CHOHCH,. 


n-Propyl Alcohol 


u-Propy) alcohol (l-propanol (LU.P.A.C.), ethylearbinol), CHsCH,CH.OH, 
formula, weight 60.09, is a clear, colorless liquid, miscible in all proportions with ether, 
alcohol, and water. 14 is used widely as a solvent and chemical intermediate. 


PHYSICAL AND CHEMICAL PROPERTINS 
Constants. The most important constants olf n-propyl] alcohol are given in 


Table I. 


TABLE L Physical Constants of 'n-Propyl Alcohol. 





M,. Dever ccc cee eee eet een eee teeta - ~ 127°C, 

Bipee ce eee tenes 97. 15°C, 
A 0.80386 

Vapor density ath.p. (air = J)... eee 2.1 

7 1. 385+ 

Absolute vapor pressure at 20°C. eee 14.5 mm, Hy 
Reid vapor pressure at JO0°R eee 0.1 Ib. /sq.in, 
Viscosity at 20°C. ee eee 2.256 centipoises 
Surface tension at 20°C. ee eee ee 23.8 dynes/em, 
Beib, VOM. ee eee 264°C, 

Wil, PreSsUre . 0  eee ne teens 49.9 atm. 

Specific heat at OPC... eee ence eee eee 0.526 cal./gram 
Specific wat at 26°C. ee eee 0.586 cal./gram 
Latent heat of vaporization at bp... . 6. eee 162.6 cal. /gram 
Heat of combustion. .... 0.000. cece eee tee ees 8020 cal./gram 
Coeff. of cubieal expansion, 0-94°C.. 2.2 0.000956/°C. 
Flash point (open cup)... 00.02 eee eee eee 90° rr, 
Lower explosive limit. 0... eee eee 2.6% by vol. in air 
Uppar explosive limit. .....00 002.6. eee ee eee  LBL5% by vol, in air 
Autoignition temp... 0.0.0.0 eee 540° CG. 








n-Propyl alcohol forms a number of binary and temzury azeotropic mixtures, the 
hest Jmown of which are given in Tables IT and IT, respectively (2). 


TABLE II. Binary Azeotropes Containing m-Propyl A Alcohol (760 Mm.). 





Bp. ‘of mixture, °C. 


Other component Aleohol, wh, % 





87.72 
94.7 
17 A2 
92.35 
65.65 
73.1 
96.9 
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TABLE ISI. Ternary Azeotropes Containing n-Propyl Alcohol and Water (760 Mm.). 








Third 





Aleohol, Water, component, Bup. of 
Third component wh. % wt GG wt. % mixture, °C, 

n-Propyl acetate 19.5 21.0 59.8 82.2 
Di-a-propyl formal (di-u-prapoxy methane) 44.8 8.0 47.2 SA .4 
Cyclohexane 10.0 8.5 81.5 60.55 
Benzene 9.0 8.6 82.4 68.48 
Toluene — _ _ 80.5 
Carbon tetrachloride 1i 5 sf 65.4 
Diethyl ketone 20 20 60 81.2 





Reactions. n-Propyl alcohol undergoes the reactions common to all primary, 
low-molecular-weight alcohols (see Alcohols). Thus, oxidation by strong chemical 
oxidizing agents such as sodium dichromate in acid soloution or catalytic oxidation with 
oxygen or air converts the alcohol to the commercially important, propionic acid (12). 

Under milder oxidizing conditions propionaldehyde may be isolated. Yor large- 
seale production catalytic vapor-phase dehydrogenation in the presence of a brass or 
copper catakyst is preferrecl. Propionaldehyde has also been prepared from n-propyl 
alcohol by dehydrogenation in the vapor phase in the presence of copper oxide and 
hydrogen (11). In the presence of dehydrogeuation catalysts n-propyl propionate is 
also formed (4). 

The reaction with organic acids in the presence of strong mineral acids or aromatic 
sulfonic acids as catalysts produces n-propyl esters. The vapor-phase reaction be- 
tween n-propy! aleohol and acetic acid using titanium dioxide as the catalyst results in 
excellent yields of n-propyl acetate (8). n-Propyl alcohol can also he esterified in the 
usual manner with sulfuric acid, nitri¢ acid, and phosphoric acid to produce sulfates, 
the nitrate, and phosphates, respectively. 

The hydroxyl group can be replaced by chlorine (or other halogens) when »- 
propyl alcohol is heated with hydrochloric acid (or other halogen acids). When 
zine chloride is used in conjunction with hydrochloric acid, the reaction proceeds more 
rapidly (5). The n-propyl chloride thus formed is the most widely used halogen 
derivative of n-propyl alcohol. It is used for the introduction of the n-propyl radical 
into ammonia, amines, and ethers, The Friedel-Crafts type alkylation of aromatic 
ring systems using n-propyl chloride in the presence of anhydrous aluminum chloride, 
however, results in the formation of more of the isopropyl than the n-propyl deriva- 
tive. See Friedel-Crafts reaction. 

The primary product when n-propyl! alcohol is heated with a base under vigorous 
conditions is 2-methyl-l-pentanol. Longer heating produces ‘“tripropyl alcohol” 
(2,4-dimethyl-l-heptanol) (10). 

When paraformaldehyde (HOCH2(OCH2),OCH:OH) or other aliphatic or aro- 
matic aldehydes are refluxed with n-propyl alcohol in the preseuce of an acid catalyst, 
the corresponding n-propyl formals or acetals are formed (14). Treatment of urea with 
formaldehyde in the presence of n-propyl alcohol gives “n-propylated ureas’”’ (N- 
propoxymethylurea derivatives). Apparently the intermediate methylolurea ((hy- 
droxymethyDurea) reacts with n-propy! aleohol as follows: 


Q 9) 
ot. 
—NCHOH 4 CaiOH > —C- NCH2OCE -F Ha 
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Identification. The literature contains many references to derivatives that may 
he prepared for identification of n-propyl alcohol. Two esters frequently used are the 
3-nitrophihalatc (monohydrogen ester, mop. 145°C.) and the 3,5-dinitrobenzoate 
(m.p. 74°C.) (8). 

MANUFACTURE 

n-Propy! alcohol comprises up to 24.3% of the Fusel ott formed in some alcoholic 
fermentations butis not separated on a commercial scale (see Vol. 1, p. 263). Lustead it 
was first made available as a secondary product from the high-pressure synthesis of 
methanol from carbon monoxide and hydrogen, At present the largest quantities 
of 2-propyl alcohol are produced as au euproduct, aloug with other low-molecular-weight 
oxygenated aliphatics from the air oxidation of propane and butane mixtiwes (6,7). 
The main features of this process are shown schematically in Figure 1. 
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Vig. 1. Air oxidation process for the manufacture of n-propyl alcohol from propane and butane 
mixtures (7). 


Additional supplies are being made available as a coproduet in the Fischer- 
Tropseh synthesis of higher hydrocarbons (sce Fuels, synthetic liquid), Uf additional 
large quiuntities were needed, it could alyo be prepared hy the reaction of ethylene, 
carbon monoxide, and hydrogen in the oxo reaction (13). See Oxo and oxyl processes. 

Cwrent production of n-propyl alcohol is estimated to he hetween 6 aud 10 million 
poundsa year. The price (1953) is 10¢ per pound delivered in tank cars. 


SPECIFICATIONS AND STANDARDS 
n-Propyl alechol is marketed in one grade, the specifications for which are given 
in Table TV, 


TABLE LV. n-Propyt Alcohol Specifications. 





Spovifie gravity, +71 OF al © 0.806 max. 

Distillation range.....0. 0.0.0. c eee ees 2°C! mux. (inel, 97,15 °C.) 

Color... cece cee beens 5 APITA max," 

Acidity and alkalinity... 0... eee Neither atid to methyl oraayge nor 
alkaline to phenolphthalein 

Solubility in 85% HSOy................. Completely soluble 

Water content... 00.00. cece eee eee 0.2% by weight max. 


Nonvolatile material.. 






0.001 g. /300 ml. sample mux, 


a : American Public Health T Assoedtons W: 
than water-white in color. 





ater Standard (sec Val. 4, p. 248); 5 APHA is better 
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‘Tank cars (10,000- and 8,000-gallon and smaller compartmented cars) us well as 
55-gallon nonretarnable drums are available. »-Propyl aleohol is classified as a nen- 
flammable liquid; however, it requires the normal handling precautions which would 
he accorded any organic solvent of comparable flash point and vapor pressure. 


TOXICOLOGY 

According to the U.S. Public Health Service (9) n-propyl aleohol is absorbed from 
the gastrontestinal tract, through the lungs, and also through the skin, and is reported 
to be 1.5 to 2 times as toxic as ethyl alcohol (see Alcohol, tudustrial). It is a depressant 
of the central nervous system, is more irritant to the peripheral uervous system than 
ethyl alcohol, and like other alcohols, depresses the function of the isolated heart. 
Apparently no serious pathological changes oveur in the vital organs of mice following 
repeated exposures to n-propyl alcohol vapors. No instances of toxic effects of n- 
propyl alcohol in man can be found in the literature; evidently no cases have been 
reported. 


USES 

n-Propyl alcohol is used in a wide variety of applications, chiefly asa solvent (q.v.) 
and chemical intermediate. Tt is an excellent solvent for castor oil and its largest 
use is as the alcoholic component of medium-duty brake fluids, either alone or im com- 
bination with higher alcohols. Additional quantities are used also as a solvent for 
cellulosics, coatings, films, waxes, and soaps, and in the preparation of nitrocellulose 
lacquers. It is used as a degreaser for metals, as a coupling and cispersing agent, in 
window-cleaning preparations, as a solvent for zein inks (see Printing ink) and floor 
polishes, and in the saponification of soaps. 

Azeotropic separations of ethylene dichloride from dioxane, of methyleyclohexane 
trom toluene, and of “isooctane” (2,2,4-trimethylpentaue) from hydrocarbon mixtures 
have been effected by means of n-propyl alechol (1). 

As a chemical intermediate its chief uses are in the preparation of n-propyl acetate, 
propionic acid (see p. 174), n-propylated nreas (for use as coating materials) (see Urea), 
and propionaldehyde (see p. 171). Additional smaller quautities are used in the prepa- 
ration of esters such as n-propyl cinnamate and n-propyl propionate as well as acetals 
such as di-n-propyl acetal (1,1-di-n-propoxyethane) for use in the perfume inclustry. 

n-Propyl gallate (see Vol. 7, p. 52) is used as an antioxidant and stabilizer in the 
food industry. x-Propyl phosphate and oleate are also used as plasticizers. The 
sulfated oleate ester is used as a surface-active agent. Small quantities of n-propyl al- 
cohol are also used as an intermediate in the pharmaceutical industry. 


DERIVATIVES 
n-Propyl Acetate. See Vol. 5, p. 848. 
2-Methyl-1-pentanol, CH,CH»CH,CH(CH,)CHLOH, is a colorless liquid, b-.p. 
148°C, which ean be prepared by the condensation of n-propyl alcohol under basic 
conditions. It is used as a solvent and chemical mtermediate. 
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Isopropyl Alcohol 


Isopropyl alcohol (2-propanol (1.U.P.A.C.), dimethylearbinol, “isopropanol,” 
which is unacceptable as a systematic name hecause it combines the -od of the Geneva 
system with the name for a branchecl-chain instead of a straight-chain hydrocarbon— 
see Nomenclature), CHs;CHOHCH,, formula weight 60.09, is the simplest. of the seeond- 


TABLE I. Physical Constants of Isopropy] Alechol, 


DO 5 ~ 898°C, 
Bue tete tt reneee 824°C, 
da cee cece cect eeee ree 0.7863 
a 1.87757 
Vapor pressure: 

AL OO ce cece eee 8.9 mm. 

ADIOS ccc eee 17.0mm., 

Ab BOT cee 59.1 mm, 

0 CE, lO 176.8 mm. 

Ab B.C ce cet 760 mm, 

Ab IDE ccc eae 1020.7 mnt. 
Viseosity ab 20°C ee 2.43 centipoises 
Surface tension at 20°C... ee 21.7 dynes/em. 
Crit. temp... eee ee 234.9°C, 

Crit. pressure... cece nee 53 atm, 
Specific heat: 

AE OPO. cece cece eee enees 0.563 eal./gram 

At B0°C ec cece eee 0.677 cal, /gram 

Ab 50°C. eee eee ee 0.740 eal. /gram 
Heat of fusion abmnp. oo eae 21.08 cal. /gram 
Latent heat of vaporization at byp........... 160 cal./gram 
Heat of combustion... 00... 00 eee 7970 cal./gram 
Coeff. of cubical oxpansion.................0,001075/7°C. 
Thermal conductivity at 0°C..... ee 8.683 & 1074 cal./ 

(see.) (8q.em.) (°C. /om.) 
Flash point (closed eup).....0000.000000200. 15°C. 
Lower explosive limit,....00...0000........, 2.5% hy vol, in air 
Autoignition temp, .0.. 0000 eee 456°C, 


Dielectric constant at 20°C... 20.0.0... 26 
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ary alcohols (see Alcohols), Ti is a colorless, low-boiling flammable liquid closely 
resembling ethyl alcohol in physical properties, but differing in some of its chemical 
properties. Tsopropyl alcohol can be used in place of ethyl alechol for many solvent 
applications and for antifreeze. 


PHYSICAL AND CHEMICAL PROPERTIES 

Constants. The most important constants of isopropyl alcohol are given in 
Table I. 

Isopropyl alcohol is completely miscible with water and all the common hydro- 
carbon and oxygenated solvents. It forms a constant-boiling mixture with water, 
containing 91.32% by volume of the alcohol (87.7% by weight). This binary azeo- 
trope has the following physical constants: Joo, 80.2°C,; 8, 0.8180; 738, 1.37685, 
viscosity at 25°C!., 2.106 centipoises; flash point (closed cup), 17.2°C.; coeff. of cubical 





B.p. of mixture, °C. 





Methyl] iodide. .......0.. 0... eee eee 3.1 42.3 
Carbon disullide......0.... 0.00.00 ee 0.8 44.6 
n-Propy] chloride... 20.00... eee ee 3.9 45.8 
Chloroform... .. 00.0.0. 0 0 cca ee eee 4.2 60.8 
N-HOXANC. ce cece te eee ees 22.0 61.0 
Isobuty] chloride... 0.0... 0c ee eee 17.0 63.8 
Tsopropy! ether....... 0.20.00 14.1 66.2 
n-Propy] bromide...........-.-.6 2.000. 16.0 65.2 
Carbon  tetrachloride................ 18.0 67.0 
Cryclohexane. 0... cee cece 33.0 68.6 
1,8-Cyclohexadiene.........-0.5 00000 36.0 70.4 
Cyelohexene. 2.0.0... eee 36.0 71.0 
Benzene..... cee eee cee cee eee 33.3 71.92 
_ Ethylene dichloride.....0.....0000.0... 45.0 74.0 
Trichloroethylene... 0.0.6... eee eee 28.0 74.0 
Bethyl acetate... 6... eee 23.0 74.8 
Acetonitrile... 0.0.0... cece eee 55.0 75.0 
Isobuty] bromide........ 00-0. ce eee 33.0 75.5 
Methy! propionate.................005 28.0 77.0 
Methy] ethyl ketone. ........-.......- 30.0 77.3 
Tsopropy! acetate... 0... ee eee 52.3 80.1 
Toluene... 0... cece ene 69.0 80.6 
Chioropicrin.. 0... cece cee eects $6.5 82.0 





TABLE If. Ternary Azeotropes Containing Isopropyl Alcohol and Water (760 Mm.). 











Third component, B.p. of 
Third component Alcohol, wt. % Water, wt. % wt. % mixture, °C. 

n-Hexane. .... cee eee eee — — — «58.2 
Cyclohexane....... eee 18.6 7.5 74.0 64.3 
Cyclohexene....--6 46-0055 21.5 7.5 71.0 66.1 
Benzene........ eee eee 13.7. 75 73.8 66,5 
“Diisobutylene”®.......... 31.6 9.3 59.1 72.3 
Isopropyl ether............ 12.15 6.15 81.7 61.0 
Isopropyl acetate.......... 10.9 11.1 78.0 76.0 
Methyl] ethyl ketone....... 9.7 11.9. 78.4 73.9 








° A mixture of 2,4,4-trimethyl-l-pentene and 2,4,4trimethy)-2-pentene. 
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expansion, 0.001062/°C!. Isopropyl aleohol forms constant-boiling binary mixtures 
with many other compounds. See Table IT (1,4). 

Several coustant-boiling ternary mixtures contuining isopropyl alcohol ave known. 
Some of these, as listed in Table TIT (6), have water as a component, and upon con- 
densation form a diphase system useful in the commercial dehydration of isopropy!| 
alcohol. ‘Table TV shows the compositions of several diphase systems. 


TABLE IV. Compositions of Diphase Systems Formed by Azeotropes Containing Isopropyl Alcohol 














“ Diisa- Tsopropyt ° Tsopropyt 
Constituent Benzene butylene” ether ncctate 
Upper layer 
Watetoc cc ccc cece eet eee ee 2.88 3.1 0,55 4.9 
Aleohol. 0.0.0 ccc cee tee ees 16.55 26.9 12.0 10.75 
Third componente... 6.6... eee 80.5 70.0 87.45 83.35 
Lower luyer 
Watters... eee eee cee eee 60.0 39.4 87.0 84.3 
Aleohols oc. eee cere 35.0 55.2 th 13.2 
Third companent......... 0.000 ees eee §.0 5. 1.5 2.5 
Percentage of total mixture in: 
Upper layer... ec eee OL.¢ 82.9 93.2 93.2 
Lower layer... 0000. eee eee 8.7 17.1 6.8 6.8 





Reactions. In its chemical behavior isopropyl «alcohol is similar in many respects 
to other alcohols, particularly the lower-molecular-weight monolydroxy alcohols. 
For example, the hydrogen atom of the hydroxyl group is replaced when the aleohal is 
treated under the proper conditions with uctive metals or with Grignard reagents. 
The hydroxyl group is replaced when the aleohol is treated with hydrogen halides or 
phosphorus tri- or pentahalides. Organic esters are formed with organic acids or acid 
halides, and inorganic esters are formed with sulfuric and nitric acids. 

As with ethyl aleohol and other mouohydroxy alcohols (except methanol), de- 
hydration of isopropyl alcohol takes place when it is heated with sulfuric, phosphoric, 
or benzenesulfouic acid of the proper concentrations under suitable conditions, The 
products of this reaction are isopropyl ether and propylene. Since isopropyl aleohol 
is a secondary aleohol, dehydration proceeds with greater case than with ethyl alcohol, 
aprimary alcohol. 

Tsopropyl alcohol is readily oxidized by strong oxidizing agents. Acetone is 
first formed; further oxidation yields carbon dioxide, oxalic acid, and acetic acid. 
Chromie acid (CrO,), under carefully contralled. conditions, is used for the quantita- 
tive determination of isopropyl alcohol in mixtures. The isopropyl alcohol is oxidized 
to acetone, which is distilled and measured. Oxidation of isopropyl aleohol with air 
ever metallic catalysts, such as copper or copper alloys, at 370-800°C. is a procedure 
for the production of acetone (7). 

Dehydrogenation of secondary aleghols, such as isopropyl alcohol, to ketones (7.2.) 
involves a reversible endothormic reaction, High temperatures favor ketone forma- 
tion (2). Dehydrogenation becomes rapid at temperatures above 300°C. when the 
proper catalysts are employed. Tn the presence of air or oxygen, the reaction may be 


PROPYL ALCOHOLS (SO) 185 


‘arried out in an exothermic manner. A combination of the endothermic dehydre- 
genation with the exothermic oxidation process has been useil in certain instances to 
obtain temperature control. Various catalysts have been proposed for each type. 
it is reported that certain copper alloys, such as those coutaining zine, are superior to 
copper in life and selective action (9). Promoters ave generally used in conjunction 
with catalysts to improve the conversion pet pass and the selectivity. For example, 
oxides of zine, thorium, cerium, or zirconium may be used with reduced copper on 
pumice for this purpose (10). A difficultly veducible oxide of a deliydrogenating metal 
has been advocated for use with vopper and eadmium chromite catalysts (8). The 
dehydrating properties of such oxides as those of zine or uranium are reported to be 
suppressed by a more acidie oxide or salt, For example, zine sulfate may be incorpo- 
rated with zinc oxide for this purpose. Use of a water-soluble salt of an alkali metal 
such as sodium carbonate with the catalyst is said to inhibit dehydration of the 
alcohol to olefin. 

An important reaction of isopropyl aleohol from a commercial standpoint is its 
condensation with various aromatic compounds to make the isoprapyluted derivatives, 
suchascumene (isopropylbenzenc), cymenes (isopropylioluenes), thymol (3-p-cymenol), 
and isopropylphenols. A strong condensing ageut, such as sulfuric acid, is required 
to preduce this reaction. Itis believed that the isopropyl alcohol acts as a source of 
propylene im the condensation since olefins are known to condense with nromatic 
compounds to yield alkylated products, 

MANUFACTURE 

As early as 1855, Berthelot investigated the production of secondary alcohols by 
reaction of the corresponding olefin with sulfurie acid, followed ly hydrolysis of the 
resulting alkylsulfuric acid. In his work on isopropyl alcohol he investigated, among 
other things, the velocity of, and effect of temperature on, the absorption of propylene 
in sulfurie acid (2). Subsequent work demonstrated that the rate of absorption of 
propylene in sulfuric acid was very much greater than that of ethylene. By utilizing 
the sulfuric acid reaction, the first commercial production of isopropyl aleohol was 
undertaken during the latter part of World War I by the Meleo Chemical Company 
operating the Ellis process. The propylene contained in still gases obtained from ther- 
mal cracking of petroleum fractions and freecl of hydrogen sulfide was ahsorbed in 
87%, sulfuric acid (sp.gr. 1.8) at 15-20°C. When the specific gravity of the acid 
solution reached 1.4, the product was diluted with 4 volumes of water. he polymers 
separating as an upper phase were withdrawn and the remaining solution was dis- 
tilled to recover the alcohol. By further distillation, the aleohol was concentrated 
to the binary azeotrope containing 91% alcohol by volume (2). 

The Ellis process, with improvements, is the conventional process used today. 
The basic reactions are as follows: 

C3Hy + HeSO, ———> © H7HSO, 

Cal, + CsH7HSO;, ———+ (CyH1) SO, 
CsH;H80, + 10 ———> C;ILOH + HO, 
(CaH7).80, -- HO ———> C;H7H8O, -+ CsHr0H 
(Ca¥Iy)s801 + CaH,OH ———> (CaF).0 -+ CsH;HSO, 


Propylene (g.v.) is produced by the cracking of petroleum hydrocarbons by ther- 
mal ancl catalytic processes. Gases containing propylene: are serubbed to remove 
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hydrogen sulfide and mercaptans. Higher-molecular-weight) hydrocarbons ave re- 


moved by distillation, 


The concentrated propylene (50 mole % or more) is then 


absorbed under suitable conditions of pressure and temperature m concentrated 


sulfuric acid to produce mixed isopropyl sulfates. 
sorbed per mole of sulfuric acid runs from 1.0 to 1.5. 





The mole ratio of propylene ab- 
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Fig. 1. Process for the production of isopropyl! alcohol. 


In the flow plan shown in Figure 1, propylene and concentrated sulfuric acid are 
fed to an absorber operated under a pressure of several atmospheres. The major 
portion of the propylene is removed in the absorption process. The spent gas, after 
scrubbing with caustic soda, may be used for fuel or it may be processed further. The 
heat of reaction in the absorber is removed by recycling through a water cooler a suf- 
ficient quantity of the extract (mono- and diisopropyl sulfates) to maintain the de- 
sired temperature level. The extract is withdrawn from the absorber at a uniform 
rate through an extract mixer, where it is diluted with water for hydrolysis. From 
the extract mixer, the dilute solution flows to the generator, where, by means of live 
steam under low pressure, the alcohol is removed from the weak acid solution. This 
weak acid, free of alcohol and isopropyl! sulfates, passes from the bottom of the gener- 
ator and is concentrated to the proper strength for feed to the absorber. The alcohol 
vapors pass through a scrubbimg tower, where sulfur dioxide and entrained acid are 
removed by caustic soda. Subsequently, the neutralized vapors are condensed and the 
distillate is pumped to a storage tanlk. 

The crude alcohol, containing 45 to 55 volume % of isopropyl alcohol, some iso- 
propyl ether, water, and 8 small percentage of hydrocarbon, is pumped from storage 
tanks to a finishing system consisting of three fractionating columns, which operate 
at slightly above atmospheric pressure, and auxiliary facilities. Ju the first column 
(ether column), the ether is separated from the aleohol and water and is passed through 
a water washer to remove any remaining aleohol. Then the alcohol-water mixture 
passes from the ether column to the alcohol column, where the binary azeotrope 
(91 volume % alcohol) is distilled from the water, which is discharged from the column 
through a feed heat exchanger. . 

The 91% aleohol is sent to a dehydrating column, where, with the aid of an en- 
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trainer, the water is removed from the alcohol. Entrainers in common use ure ben- 
zene and isopropyl ether. Ethyl ether, which forms a binary azeotrope with water, 
is sometimes used, but at pressures substantially above atmospheric. Upon condensa- 
tion, the ternary azeotrope flows to a decanter, where two layers form. The upper 
layer, which is predominantly eutramer and alcohol, is retuned to the top of the col- 
umn as reflux, while the lower layer, containing mostly water, is sent to the alcohol- 
concentrating column to recover the small percentages of dissolved aleohol and en- 
trainer. Finished anhydrous isopropyl alcohol (99 + volume (%) is removed from the 
base of the column through a cooler to storage tanks. 

Because of the corrosive conditions that exist in the crude-alcohol section of the 
plant, it is important that the materials of construction be resistant to sulfuric acid at 
the various concentrations and temperatures required by the process. After the alcohol 
leaves the vapor scrubber iu the crude process, it is neutral. Accordingly, steel is a 
satisfactory material for the tanks, lines, and columns in the finishing system. Copper 
is often used, however, because it is easy to fabricate into bubble-cap trays, condensers, 
and other distillation equipment. Also, when using copper, rust is not a prohlem aud 
maintenance is simplified. 


ECONOMIC ASPECTS 

Isopropyl alcohol holds an important position as an article of commerce. During 
the ten-year period between 1940 and 1950, the U.S. production increased from 33,- 
800,000 gallons (99 volume %) to 133,000,000 gallons. The value, as price in bulk 
to the consumer, in 1950 was estimated at $47,500,000. In 1951, the value had climbed 
to $68,600,000, but in 1952 it fell hack to $53,900,000. 

U.S. Tariff Commission data for the production and sales of isopropyl aleohol for 
the years 1948 through 1952 are shown in Table V. 


TABLE VY, U.S, Production and Sales of Isopropyl Alcohol. 





99% by volume* 100% hy volurae® 








Delivered Sales 
Praduction, tunk-car price, Production, Quantity, Velue, Unit value 
Year 1000 gal. $/gal.b 1000 Ib. 1000 Ih. $1000 $/lb, 
1948 128,000 0.450 834,335 - _ _ 
1949 105,000 0.290 688 , 331 688 , 331 30,500 01-45 
1950 133,000 0.356 865 , 980 865,980 47,500 0550 
1951 146, 000° 0.470 950, 000° —_ —_ — 
1952 125 500° 0.4380 816 , 000° —_ — _ 





® Data, which were reported on the basis of 88%, 91%, 95%, and 99%, have been converted to 
00% basis or 100% basis. ; 

> Average weekly quotations trom Vhe Oil, Paint and Drug Reporter. 

* Data obtained from industrial sources, 


SPECIFICATIONS, TESTING, AND STANDARDS 

Three grades, 91°%, 95%, and 99% by volume, are marketed. The quality of each 
strength is uniform. Probably the greatest variation is in the odor, for, as with many 
other chemicals, only a trace of some impurity (too small to measure or identify) will 
infltence the odor markedly. Typical specifications for the three grades of isopropyl 
alcohol are given in Table VI. 

Most, of the analytical and testing methods for the quality control of isopropy! 
alcohol are A.S.T.M. D268-48 procedures, Special tests are employed by each manu- 
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Cirnde 
eC an nn oa 
Purity, vol. %, min... 2... 91 05 90.3 
Acidity us % weetie acid, max... .-. 0,002 0.002 0.002 
Speeitie gravity, 20/20°C.. 0... 0.8175 -0.8190 1), 8035-0. 8055 0.7890 max, 
Distillation, °C: . ; ; 
Initial, mine... 0.2... 0.00. ee 79.7 80.0 81.5 
Dry point, max... ee S80. 7 83.0 83.0 
Color (APIA), max... 0.000000. 10 10 10 


Residual odor.... 0.0.02... eee None None 


None 
facturer to measure and control odor that comes from lrace impurities. Aleohol con- 
taining the least ador is considered to be of the highest quality, The purity is usually 
determined from s specifiic-gravily table. 

bon] . 


SHIPPING AND HANDEING 

The proper bill of lading description for isopropyl alcohol is Isopropanol,” 
in spite of the fact that this is a hybrid name. Because of its low flash point (15°C. 
or 59°F.), the Bureau of Eixplosives classifies tt as an “inflammable liquid” and as such 
requires red caution labels on all packages and Dangerous” placards on all cars and 
tracks, Fach drum or carton containing inside containers must also bear the red 
eaution label. Containers in common use for shipping isopropyl alcohol are one- and 
five-gallon cans, 55-gallon drums, tank wagons (250-gallon compartments to full 
loads of 4,500 gallons) and tank cars (2,000-gullon compartments to full tank cars of 
4,000-, 6,000-, 8,900-, and 10,000-gallon capacity), 

The handling of isopropyl alcohol requires the normal precautions that, are given 
any other organie liquid having a comparable vapor pressure and flash point, 

Fire and explosion are the principal industrial hazards in handling isopropy! 
aleohol. Consequently, precautions should be taken to see that no flames or other 
means of ignitiou are permitted in the arew where the alcohol is stored or handled. 
Also, care should be exercised to avoid the accumulation of explosive concentrations 
of the vapor in the air, 


TOXICOLOGY 

Isopropyl aleohol, if taken internally, is rapidly absorbed from the gastrointestinal 
tract and diffuses inte the tissues; here a portion is transformed into acetone, which 
may be detected in the breath in fifteen minutes and in the urine one hour after in- 
gestion, The isopropyl alcohol disappears from the blood through the excretory 
organs at a vate depending on the functional efficiency of these organs. Numerous 
tests have established that it produces uo noliceahle harmful effects upon the skin of 
test animals ormen. No evidence of skin irritation or absorption has been reported. 

Exteusive experiments with white rats, rabbits, and dogs have shown that the 
toxicity of isopropyl alcohol is somewhat greater than that of ethyl alcohol (5). This 
is true irrespective of whether the two alcohols are given by mouth or by intravenous 
injection, TsopropyLalcohol has heen given to human subjects in concentrations equiy- 
alent to 15 ml. of pure alcohol for several days without any harmful effects (8). 
Headaches were reported by some of the patients, but no exhilaration, or other effects. 


PROPYL ALCOHOLS USO) 189 


From the relative toxicity of isopropyl aleohol and ethyl aleohol, as determined by 
tests on animals, and from alcohol concentrations in blood taken from men who died 
from acute alcoholism, it is estimated that the ingestion of 166 ml. of isopropyl alcohol 
would prove fatal toaman. Because of the lack of euphoria, the bitter taste, and the 
emetic action of the aleohol, it is unlikely that this quantity would be tolerated as a 
single dose. These factors, plus the depressant effect on the central nervous system, 
would seem to eliminate the probability of ingesting a fatal quantity. 


USES 


fsopropyl aleohol has a wide range of uses. Ets similarity to ethyl aleohol (see 
Alcohol, industrial) permits the substitution of isopropyl alcohol for many purposes. 
Since isopropyl alcohol is not potable, it can be manufactured and marketed free of 
governmental contral and taxation, such as is exercised for ethyl alcohol, “Another 
slvantage it enjoys is a lower unit cost of manufacture and consequently a lower unit 
price on the market, 

The major portion (959%) of the 14 billion pounds of acetone (q.v.) produced in 
the United States is made by the dehydrogenation of isopropyl aleohol. Acetone, 
in addition to its many other industrial applications, may be an intermediate step 
in the production of ketene (.v.), a source of acetic anhydride (gv). Cumene, 
thymol, and isopropylphenols (see Vol. 10, p. 313) are important derivatives produced 
by condensing isopropyl aleohol with benzene, i-cresol, and phenol, respectively. 
Other significant derivatives of isopropyl alcohol are isopropyl acetate (see Vol. 5, 
p. 843), an ester which finds extensive use as a solvent in lacquer formulations; iso- 
propyl xanthates, materials widely employed in flotation (g.v.); and isopropyl! ether 
(see Vol. 5, p. 870). 

Isopropyl alcohol is an excellent solvent (q.v.) for essential oils and other oils, 
gums, shellac, sandarac, rosins, copals, and some synthetic resins. It is therefore a 
good compounding or blending agent for a variety of incompatible substances. It isa 
solvent for alkaloids (see Vol. 1, p. 509), proteins, and chlorophyll (see Vol. 3, p. 875), 
anc as such finds industrial application in the extraction and purification of these 
materials. As animportant component of nitrocellulose lacquer solutions, it improves 
the blush resistance and inercases the solvent power of the true solvents present 
(esters and ketones). . 

Isopropyl alcohol is an important dehydrating agent, for example in the dehydra- 
tion of nitrocellulose (see Vol. 3, p. 364). It is used for de-icing airplane wings and 
propellers and, in combination with methyl alcohal, is employed as an antifreeze 
(q.v.) meeting all the requirements of a modern antifreeze for automobile use. Its 
usc in gasoline to prevent gas-liue and carburetor freeze-ups is growing. Itis a compo- 
nent of antistalling gasoline which prevents carburetor freeze-ups due to moisture inthe 
air. 

Compared with ethyl aleohol, isopropyl alcohol possesses a lower surface tension, 
greater fat-solvent action, and a more rapid killing power on many organisms. Its 
germicidal properties make it especially suitable for use as « disinfectant and rubbing 
alcohol: Isopropyl! aleohol (99%) (N.F. IX, N.N.R. 1948) and isopropyl alcohol rub- 
bing compound (N.F. LX). . . 

Isopropyl alcohol is also used as a hydraulie-brake fluid and as a component of 
degreasers and cleaning and spotting liquids; for the drying of metal objects prepara- 
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tory to electroplating; in quick-drying inks and oils; and as a replacement for ethyl 

alcohol in the preparation of lotions, liniments, soaps, and many pharmaceuticals. 
The estimated end-use pattern for the United States industry during 1950 was 

as follows: acetone manufacture, 68%; chemical manufacture other than acetone, 

8%; solvent, 8%; de-icing and antifreeze solutions, 6%; rubbing alcohol, drugs, 

and cosmetics, 3%; export, 5%; and miscellaneour, 2%, 
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PROPYLAMINES 


The propylamines, C;H,;NHy, (C,H7)2NH, and (C;H,)3N, are clear, colorless, basic 
liquids of characteristic ammoniacal odor. They have chemical properties typical 
of amines (q.v.J. Some physical properties of the n- and isopropylamines are given in 
Table 1. The specifications of one producer are given in Table II (3). The propyl- 
amines are soluble in, and are solvents for, a wide variety of organic compounds. The 
monopropylamines are completely miscible with water. The n~propylamines and iso- 
ptopylamines are obtained by replacing one or more of the hydrogen atoms in ammonia 
by the n-propyl or isopropyl radical, respectively. The propylamines are used chiefly 
in organic synthesis. 


TABLE J. Physical Properties of Propylamines. 


n-Pyopyl- 




















Di-n-propyl- Tri-n-propyl- Tsvpropyl- Diisopropyl- 

Property aming amine umine ainine amine 
Formula CH(CHDeN Ms (Clin(CH2)2)2NH (CHa(CHe)s)sN (CHd:CHNH: ((CHy)2CH):NH 
Formula wt. 50.11 101,19 143,27 59,11 101.19 
Byp,, °C, —R83.0 — 39,6 93.5 —101,2 — 60 
Buy. °C 48.7 110.7 156, 31.9 83.6 
ae 0.719 0.738 0.757 0.404 0.719 
np 1.380 1,405 1.417 1.877164 — 
Heat of combustion (linq,), 

Kg-eol/mole 558.3 1054 1589 — —_ 
Heat of vaporization, cal./g, 110,38 (ealed,) 75.7 02.4 (ealed,) oo vn 
Tiash point (A.8,'T,M. Cleve- 

Jand open cup), °F 220 45 — ~35 30 
Solubility in water oO sl. sol. al. sol. co ul. sol, 
Heat of soln. in water at in- 

finite dilution, cal./mole of 

solute ; 6162" 7hG2 _ — — 

K X 104 at 26°C. 3.9 8.2 5 4.3 _ 
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TABLE II. Specifications of Propylamines.” 








. cao. n-Propyl- Di-n-propyl- Tri-n-propyl- “ Isopropyl 
Specification amine amine amine amine 
Color Water-white Water-white Water-white to Water white 
pale straw 
Amine content, min. % 98 98 98 98.5 
Distillation: 
Initial b.p., min, °C. 46 105 149 — 
95% min. range, °C. 16.5-52 — 151-156 .5 30. 5~-3-4.4 
Final b.p., mux, °C. 55 112 158 —_ 
dat 0.715-0 720 0.74 Q. 757-6 .762 0.68-0.70 
Ammonia, max. % — — -—~ 1.0 
Acid-insoluble, max. % —_ — — 0.2 





than 0.30% monoisopropylamine, 0.10% acetone, 1.0% isopropyl! alcohol, and 1.0% water. 


Manufacture. n-Propylamines are manufactured from 2-propyl alcohol and 
isopropylamines from isopropyl alcohol (see Propyt alcohols) or acetone (¢.v.). 

n*Propylamines. The production of n-propylamines from n-propyl alcohol is 
similar to the production of ethylamines (q.v.) from ethyl alcohol. n-Propyl alcohol 
is vaporized, mixed with ammonia gas and hydrogen, and passed over a metallic hydro- 
genation catalyst at 150-200°C. (7). A space velocity of 1000-6000 volumes of gas 
(8.T.P.) per volume of catalyst per hour is usually employed, and the ratio of ammonia 
to propyl! alcohol may vary from 6:1 to 1.5:1, depending upon whether a high or low 
ratio of propylamine to di- and tripropylamines is desired. The reaction is conducted 
at a pressure of 200-850 p.s.i. in order that a water-cooled heat exchanger may be 
used to condense uureacted ammonia. The crude reaction mixture is fractionated to 
separate ammonia and propylamine. After azeotropic drying, n-propyl aleohol, 
dipropylamine, and tripropylamine are separated by fractional distillation. By- 
products of the reaction are traces of hexylamines, high-molecular-weight nitrogen 
compounds, and hydrocarbons. 

n-Propylamines are shipped in 1-gal. cans, 5- and 55-gal. drums, and tank cars. 

TIsopropylamines, Mono- and diisopropylamine are produced from isopropyl 
alcohol under the conditions described for the production of n-propylamines (7). 
Ammonia and monoisopropylamine are first separated from the crude reaction prod- 
uct by fractional distillation. A diisopropylamine-water azeotrope (b.p. 74.5°C.) 
is then fractionated from an isopropyl aleohol—water azeotrope (b.p. 80.5°C.) (6). 
The diisopropylamine-water azeotropic mixture is treated with about one-third its 
volume of 50% sodium hydroxide solution at 40°C. to remove most of the water, and 
the amine layer is refractionated to give commercial grade diisopropylamine. At 
40°C. the solubility of diisopropylamine im the caustic layer is small, but some amine 
and a little isopropyl alcohol are recovered when the caustic is reconcentrated to 
approximately 50% strength for re-use. No tritsopropylamine is produced. 

The isopropylamines are also produced by passing acetone vapor, ammonia, 
and hydrogen over a metallic hydrogenation catalyst under approximately the same 
conditions as are used in the production of the amines from isopropyl alechol. The 
chief by-products of the reaction are isopropyl alcohol, traces of hexylamine, high- 
molecular-weight nitrogen bases, and hydrocarbons. This reaction can also be con- 
ducted in the liquid phase in a pressure vessel (5,8). The mono- and diisopropylamines 
are available in 1-gal. cans and in 5- and 55-gal. drums. The February 1953 price 
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in drums was $0.295 per pound for the mono- and $0.4975 per pound for the diiso- 
propylamine. 

Toxicity. Propylamines are classed in the same group as ammonia and ethyl 
amines and have the same general effects. Moderate exposure to the vapors causes 
inflammation of the eyes, nose, throat, and lungs. 

Tests made with diisopropylamine vapor showed it to be hritating to the mucous 
membranes. When inhalecl in sufficient concentrations hy animals it produced pul- 
monary congestion and edema. Direct contact of the eyes of animals with the vapors 
resulted in transient turbidity of the cornea. A concentration of 50 p.p.m. of di- 
isopropylamine in the air was not fatal to rabbits exposed for seven hours per day, 
five days per week, for six weeks. ‘There was indication of slight, damage to the heart 
niuscle, liver, and kidneys. 

Uses. Isopropylamine is used commercially in emulsifying agents and as a 
golubilizing agent for 2,4-D acids (2,4-dichlorophenoxyacetic acid, ete-——see Plant 
growth substances; Weed killers), 

Diisopropylamine acts as a catalyst for the reaction of hydragen cyanide with an 
alkylene oxide to produce the corresponding alkylene cyanohydrin (10), After re- 
action the amine can be recovered by distillation for revise, thus eliminating the 
neutralization and washing required when morganic catalysts are used. Nitrite salts 
of diisopropysamine are used as corrosion inhibitors (9). 

The n-propylamines in general have the same uses as other normal, lower allcyl- 
amines. 7-Propylamine functions as an inhibitor for hydrochloric acid corrosion of 
aluminum (1). Dipropylamine may he used as a catalyst in making metal-free 
phthalocyanines from phthalonitriles G1. Tri-v-propylamine has been found to 
inhibit autoxidation of furfural 2-furaldehyde) during storage (2). 

Derivatives. The availability, in trial-lot quantities, of four substituted propyl- 
amines has been announced (2a): 3-dimethylaminopropylamine (N’N-dimethyl-1,3- 
propanediamine), (CH;)oN(CH,);NHe, m.p. belov —70°C., d® 0.8100, nj} 1.4328; 
8-methoxypropylamine, CH;0(CH.),NHa, m.p. —75.7 = 0.05°C., d* 0.8615, ni 
1.41538;  8-csopropylaminopropylamine (N-isopropyl-1,3-propanediamine), (CH )o- 
CHNH(CH,),:NHp, b.p. 159°C., di? 0.827, nib 1.43894; and 3-csoproporypropylamine, 
(CH;),CHO(CH:)sNHp, b.p. 147°C., do? 0.845, ni} 1.4164. These substituted propyl- 
amines are completely miscible with waler and most organic solvents. 
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n-PROPYL BROMIDE, CH,CH.CH.Br. See Bromine compounds (organic), Vol. 2, p. 
656. 


PROPYLENE 


Propylene (propene (1.U.P.A.C.)), CHa: CHCH,, formula weight 42.078, is the second 
member of the ethylene (alkene) series of normal wusuturated or monoolefinic hydro- 
carbons. Tt is a colorless, flammable gas with a mild, pleasant odor. Tt is used ex- 
tensively asa raw material in the synthetic organie chemical industry. 


Physical and Chemical Properties 


Table I gives the physival and chemical constants for propylene. The vapor 
pressure equation is: log pam, = 6.81960 — (785.00/247.00 + 1) where fis in °C, 
The vapor pressure is 10 mm. al —112.11°C., and 1500 mm. at —31.55°C. = All the 
constants in Table I were taken from the National Bureau of Standards Circular C 

461 (15), except as otherwise noted. Additional data on the thermodynamic proper- 
ties of propylene are given by Canjar, Goldman, and Marchman (4), and by Benedict, 
Webh, and Rubin (1). Physical and chemical data are also reported by Dodge (5), 


and i the various handbooks such aw those edited by Hodgman (7), Lange and FPorker 
(11), and Perry (13). 


TABLE [. Constants. 








Mi, CC. ee ee eee eee ~ 135 Heat of combustion of gas: 
B 1 0 47.7 Bot flb eee eee 19,683 
Triple pt., (Co... eee ~— 188.25 Cal./mole. oc... ccc 460 , 428 
Uc eee ee ete ee 0.6005 (7,13) Heat capacity, Cp, nt 25°C., cal. /Gnole) 
UB ccc cece ee ee even teeny 0.5139 (°C) cceccccssecee cece cer envnnees 15.27 
ea 0.5058 Flammability limtts in air, val. %: 
Vapor density (air = 1.0)............0. 1.49 Uppers. eee cece eee eee 1.1 
Viscosity, centipoise, wt: LOWY... ee eens 2.0 
Se ct) Sak a 15 Heating value (satd. with water vapur) 
HLID CL ce eee aes QO. 44 at GO°R, and 30 in, He, Bu /S.C,F... 2297 
Crit. temp., Cree. eee 4-923 Flame temp. in air at 18°C., CL: 
Crit, press., atm... eee, 45 .0-45..6 Assuming complete combustion... .... 2200 
Crit. vol, cu.ft. /Ib-mole............... 2.91 Actual oo. eee es 1935 
Mol, vol., ml./mole, (liquid) at: Van der Waals constants (5,11): 
010s © $1.85 a, (alm. )(1.2)/€mole)?. .... 2 eee 8.379 
0s Sa © 83.27 (atm. )(eu.ft.2)/b.-mole)?, .....-.. 2,155 
Heat of fusion, eal./gram..........-.00. 16.7 Bb, Lfmole. ce eee ee 0.08272 
Heat of vaporization at —47.7°C., cal. / cuft./lb-mole..... 0. ee ee eee . 1,332 
F120) ra 104.62 Solubility, ml. gas/100 ml. ‘solvent, at 
Heat of formation at 25°C., cal./mole....4,870 20°C, and atm, press., in: 
Free energy of formation at 25°C,, eal./ Water... cece cece eerste 44.6 
5006) (Cr 14,990 Ethyl alcohol... 6... ee ee ee 1250 
Acetia acid... eee ee DOES 





Reactions. As in the case of ethylene, the double bond in propylene is a site of 
unsaturation, and hence of chemical activity. Propylene, therefore, also reacts 
chiefly by addition to give saturated paraffins, or their derivatives, through mech- 
anisms similar to those described for ethylene (¢v.). (See also Hydrocarbons.) 

Similar to ethylene, propylene may be determined by absorption in bromine 
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water or in sulfurie acid. Recent work (19) has shown that a solution of mercuric 
sulfate in 25% sulfuric acid is very satisfactory for olefins and is preferable to a 
solution of silver sulfate in 72% sulfuric acid, which has also been suggested. Since 
any of these reagents will attack other olefins, it is necessary to remove them from the 
sample prior to analysis for propylene. Analysis may also be made by infrared absorp- 
tion techniques at wave lengths of approximately 6.1 microus. 


Manufacture 


‘To date most of the propylene is produeed by recovery from the effluent gases of 
cracking processes, in which it is always present (see Vol. 10, p. 196), The propylene 
concentration in these gases is usually in the range from 10 to 30% under most. condi- 
tions of cracking (6), the propylene to propane ratio being higher at higher cracking 
temperatures. In countries where cracking operations are carried on, propylene is 
the most reacily available olefin. Besides being available in reasonable concentra- 
tions, it may be separated from the cracker effluent without the use of low-temperature 
refrigeration. Where cracking operations are not conducted, propylene may be 
obtained by the dehydrogenation of propane using chromic oxide~alumina type 
catalysts (17,18). Purely thermal pyrolysis of propane usually is not feasible 
because demethanation tends to proceed more rapidly than dehydrogenation (6). 

A convenient source of propylene is the overhead fraction obtained in the distilla- 
tion of the cracked heavy oils in petroleum refining operatious. A typical analysis 
is (6): ethylene, 2-3 vol. %; ethane, 6-12; propylene, 21-30; propane, 38-50; bu- 
tenes, 4-13; butane, 4-17. Typical analyses of other cracking effluents are given 
under the description of the several techniques for producing ethylene (¢.v.) which, as 
previously mentioned, invariably result: also in varymg yields of propylene. The Cy 
gases are easily separated by distillation from the Cy’s and C,’s, The propane—pro- 
pylene fraction so obtained may be used directly for hydration to isopropyl alcohol, 
the largest volume use of propylene. If purer grades of propylene are necessary, 
distillation at pressures of 15 atm. or higher have been used to obtain 98% purity or 
better (6). 

Inasmuch as isopropyl! ether is formed as a by-product in the hydration of pro- 
pylene to isopropyl alcohol, the ether may be dehydrated nsing activated alumina as 
catalyst to produce high-purity propylene, which is used by plants having no cracking 
facilities for the primary production of propylene. 


TABLE II. Relative Volatility of Propylene to Propane. 








Pressure, Temporature, Relative volatility of 
atin, oT, propylene/prapane 
40 300 1.06 
40 0 41.16 
20 300 1.08 
20 0 1.20 
0 300 1,09 
0 0 1.25 
0 —100 1.82 








Inspection of the data of Maxwell (12) reveals that the relative volatility of 
propylene to propane is significantly higher at low temperatures and low pressures 
as shown in Table II. Therefore, low-temperature, low-pressure distillation is also a 
possible means of separating propylene from propane. Alternately, since the volatil- 
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ities of propane and propylene are close, azeotropic distillation with ammonia muy be 
employed to effect a separation (15) (see Distéllation). 

If propylene is recovered along with ethylene and other olefins as part. of a general 
purification sequence, the methods and apparatus described for ethylene recovery are 
employed, These are (/) low-temperature absorption and fractionation, (2) low- 
pressure straight fractionation, and (3) hypersorption (2,3,10) (see Ethylene). In the 
cases of distillation, the propylene would be removed in the depropanizer column and 
subsequently separated from propane. In the case of hypersorption, which appears to 
be a most efficient method of recovery, a Cz cut would be removed from the bottom of 
the unit during steam stripping. The Cs cut would then be further separated to re- 
cover propylene. The possibility of recovering ethylene and propylene commercially 
by solvent extraction with cuprous nitrate-ethanolamine liquors was considered 
by the Germans during World War II. Jt is also feasible to absorb propylene or 
mixtures of propylene and cthylene directly from the eracked gases to produce glycols. 


Uses 


The products given in Figure 1 represent the most important commercial uses of 
propylene. It must be recognized, however, that from each of these primary prod- 
ucts, a series of additional products of commercial significance is produced. Thus, 
by treating propylene chlorohydrin with sodium hydroxide one can male propylene 
oxide (see Vol. 5, p. 922), which in turn may be made to react with itself and other 
chemicals to produce propylene glycol, glycol ethers, and polyglycols. (See (lycols.) 


Propylene 
Hydration Halogenation — Chlarehydrination Alkylation Polymerization Oxidation Oxo reaction 
Isopropyl Propylene Propylene : Butyr- 
alcohol, chlorohydrin, c HeorcH } polymers, Panel aldehydes, 
(CH,),CHOH CH,CICHOHCH,, ea a2 (CyH,) amt C4H, CHO 
Hot Cold 
chlorination chlorination 
Allyl Propylene 
chloride, dichloride, 


C3H,Cl CH,CICHCICH, 
Fig, 1. Primary products derived from propylene. 


Historically, and also from the standpoint of current production volume, the 
hydration of propylene to isopropyl alcohol is the most important reaction (see Propyl 
alcohols), Although isopropyl aleohol itself has a number of large-volume commercial 
uses, for example as a solvent, rubbing alcohol, and antifreeze preparations, it has an 
even more important outlet as a starting material for the synthesis of many other 
products. 

Another important series of products is derived from propylene via the allyl 
chloride route. Glycerol (g.v.) is probably the most important commercial substance 
derived from this series, and its production [rom propylene assures an adequate supply 
of high-purity material to supplement the quantity available from the soap industry. 
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Allyl alcohol and epichlorohydrin are being used in ever mereasmg quattities in the 
production of synthetic rests for surface coatings (see Allyl resins and plastics; 
Phenolie ethers, Vol. 10, p. 328). Ally) ehloride is also the starting material for the 
manufacture of allethrin, which is used in insecticidal formulations (see Vol. 7, p. 
889). 

The alkylation of benzene with propylene leads to isopropylbenzene (eumene), 
which is uscful as an additive to aviation fuel. Air oxidation of the cumete to the 
liydroperoxide and subsequent decomposition yields phenol (7.2) and acetone (q.v.). 
This independent process for phenol eliminates the usual steps of sulfonation or lalo- 
genation of benzeue, thus avoiding the use of materials currently in short supply. 

By controlled oxidation of propylene it is possible to prepare acrolein (qo), 
which again forms a starting point for the synthesis of many complex compounds, such 
as the amino acid methionine, which otherwise could be prepared only with great 
difficulty. It should be mentioned, however, that the oxidation of olefins to definite 
oxygen-containing organic chemicals in general is inherently diffeult to control, and 
may lead to poor yields of the desired products aloug with complex mixtures of by- 
products. In this respect; the proper choice of selective catalysts is particularly 
important. 

The polymerization of propylene produces “polypropene” which is useful in up- 
erading olefins to high-octane blending agents and also in producing such materials 
as alkyl phenols (see Phenols) and n-lodecylbenzene. The latter, after sulfonation, is 
used in synthetic delergents (see Surface-active agents). (See also Polypropylene and 
polybuiylenes.) 

The oxo reaction is used to produee buts uldehydes, butyl aleohols, and hutyrte 
acid. Gee Oxo and oxyl processes.) 


Economics 


No definite production figures and prices, or specifications for purity or containers, 
ean be given for propylene because ib is converted to other products in the plant in 
which it is produced. An idea of the economic importance of propylene can be ob- 
tained, however, from the production statisties given in Lable ITI for its products and 


TABLE III. Estimated t Production of f Propylene and Certain Related Industrial Chemicals in 1950." 





estimated! total availability for petraehemie als, b 














1950 million ‘bb. 
production, Sana SS ecumenism 
Produet _Jnillion th, 1060 1960 Rica 

Propylene 882 25 , 100 32, 100 42 ,600 
Iithylene 1536 21,800 26,000 34,000 
Toole ylone vat 25,000 36,200 52,890 
Tsopropy] alechol® 866 
Glycerol? 200 
Propylene glycol 90 
Phenal® 312 
Acctone® 482 





* Data from reference (14) exeapt os noted, 
» These totals do not include those quantities of each product that would he used for feel produe- 
tion, including gasoline. 
* Vol. 10, Table J, p. 189, 
# OF this total, an estiniuted 40 million pounds was produced from propylene. 
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from the following description given in the June 1952 report of the President’s Ma- 
terials Policy Commission (14): 


Propylene is.extracted from petroleum cracking guses, a total of 882 million pounds having been 
produced in 1950. Its major use is for protection of isopropyl aleohol, of which 1 billion pounds was 
produced in 1950. Much more could be produced from propane in natural gas. 

Isopropyl aleohol is in high demand. Its consumption has closely paralleled our industrial 
growth. Almost 75 percent is used as a raw material for acetone production, It has many other and 
increasing uses such as in rabbing alcohol, lacquer solvent, antifreeze, cosmetics, vitamin erystalliza- 
tion, ete. 

Glycerin is produced to some extent from propylene. Of a total glycerin production of 200 
million pounds per year, 40 million pounds is produced from propylene, and this amount is being 
expanded to 60 million. Propylene glycol is also produced from propylene, to the extent of 0 million 
pounds per year. 

Allyl chloride and allyl alcohol, important intermediates in vertain types of plastics and coatings, 
are other products of propylene, and likewise, dichloropropune-dichloropropylene imixtures (D-D), 
usclul as soil fumigants. 

The tetrapropylene polymer is another derivative of propylene and is used to alkylate benzene 
for produetion of detergents. 

Sumene from propylene is also of high potential signilicance. Recently a process for producing 
phenol and acetone simultaneously has been developed with eumene as the starting material, It 
requires neither chlorime nor sulfuric acid, both of which are in short supply. , 
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PROPYLENE CHLOROHYDRIN, CH,CHOHCHLCI. See Chlorohydrins, Vol. 3, p. 856. 

PROPYLENE DICHLORIDE, CH;CFICICHLCI. See Chlorine compounds, organic, Val. 
3, p. 774. . 

PROPYLENE GLYCOL, CH;CHOHCH.OHW. See Glycols, Vol. 7, pp. 240, 252. 
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PROPYLENE OXIDE, O.CH».CHCHs. See Jithylene oxide, Vol. 5, p. 922. 
n-PROPYL ETHER, (CH,CH CH,).0. See Zthers, Vol. 5, p. 859. 

PROPYNE, CU: CCH, See Hydrocarbons, Vol. 7, pp. 605, 6-42. 

2-PROPYN-1-OL, CH; CCHLOH. See “Propargyl Aleobol” under Reppe chemistry. 
PROTACTINIUM, Pa. See Radivactive elements, natural. 

PROTAMINE INSULIN; PROTAMINE ZINC INSULIN, Sco Insulin, Vol. 7, p. O40. 
PROTAMINES. See Proteins, p. 232. 


PROTEASES, PROTEINASES. Sec #nzymes, Vol. 5, pp. 744, 758; Fermentation, Vol. 
6, p. 327. 


PROTEIN FIBERS, SYNTHETIC 


The synthetic protein fibers have borne » variety of names during their development. 
The Lerms artificial wool, casem wool, natural protein-base spun fibers, respun protem 
fibers, regenerated protein fibers, and others have been used. in referrmg to this class 
of fibers. Doubtless this confusion of words has come about in part as a result of the 
specific character of these fibers, which is neither natural nor wholly synthetic, but 
rather should he regarded as “half syuthetic.” The man-made pratein fibers, along 
with viscose rayon, occupy 4 position between the natural fibers (wool, silk, cotton, 
flax, etc.) aud the purely synthetic fibers GQaylon, Orlon, Vinyon, Saran, Dacron, ebe.). 
Generic names have been suggested from time to time; among these are protex, prolon, 
and aglon. None of these us yet has been adopted by the Federal Trade Commission, 
and the present ruling is that protein fibers should he classified by the source of protein. 

The chief sources of protetn trom which these fibers are prepared are milk, peanuts, 
soybeans, and corn, and the proteins from these sources are customarily referred to 
respectively as casein, peanut protein, soybean protein, and zein. Henee “casein 
fibers,” “peanut protein fibers,” ete, are terms which are both accurate and under- 
standable, and probably are to be preferred where reference is to a specific fiber in the 
group and provided the specific fiber cannot be given a trade name. In the chemical 
sense, the proteins actually are polyamides, and a basic relationship can be shown to 
exist between the protein fibers and the nylons. 

The widespread interest in sytthetic ov regenerated protein fibers has come about, 
in great part, ag a natural result of the high esteem in which wool (qv,) is held as o 
textile material. There is little question that wool has been regarded as the primary 
standard in all major regenerated protein fiher developments. Through its possession 
of a unique combination of chemical and physical properties, wool provides protection 
and comfort for the animal which hears it, and as a fabric for clothing it reuders much 
the same services to man. The likelihood is slight that any man-made fiber will come 
forth which possesses all of the properties of wool. Indeed, there are some wool proper- 
ties which should not be sought, such as poor resistance to alkalies and to moths. 

Just as the family of cellulosic fibers includes cotton, flax, ramie, kapok, regular- 
and high-tenacity rayon, and other individual fibers possessing widely varying proper~ 
ties, the family of protein fibers is made wp of members which are dissimilar both 
chemically aud physically. In a general way, however, all protein fibers, whether 
produced naturally or by a process of regeneration, possess the comfort-giving proper- 
ties of softness, warmth of hand, resilience, and absorptiveness. 
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No fiber for clothing fabric can attain real success untilits properties are such that 
it ean be handled readily in various types of textile mills and can undergo the standard 
processing operations without serious weakening or other damage. Then, in fabric 
form, it must withstand common cleansing agents, wear comfortably and well, and 
not change in color or dimensions. The great majority of the protein-base fibers which 
have been offered on the market have failed in some respect to meet these requirements. 
Probably the most important single factor which has stood in the way of wide accept- 
ance of these fibers is low wet strength and poor resistance to hot liquids as in acid 
dyeing. There is good promise of overcoming these drawbacks by the development 
of better curmg methods. Acetylation, subsequent to formaldehyde curing, has been 
found to reduce the hydrophilic character of casein filaments. Peanut protein fibers 
of increased chemical stability ave obtained by combining the curimg actions of formal- 
dehyde and metallic salts, Zein, which is less hydrophilic than the other industrial 
proteins, is converted into fibers which have remarkably good wet properties and are 
resistant to both acids ancl alkalies. (See also Fibers; Textile fibers, synthetic.) 

Cost and availability of suitable raw materials are, of course, critical factors in 
determining the success of any fiber. Although there is an abundance of protein 
available us by-products of the milk, oil, and starch industries, the purity and proper- 
ties of these materials are not in every case suitable for fther applications. Even when 
the most favorable methods of protein extraction are employed, all of the proteins 
camlot be expected to display equal suitability for fiber manufacture. The chemical 
reactivity and internal structure of the protein determine the ease or difficulty with 
which it is converted from the globular to the fibrous state, and dictate a certain degree 
of curing as a requirement for satisfactory chemical and physical stability. (See 
Casein, Proteins; Soybeans; Zein.) 

The preparation of fibers by the regeneration of protein appears to depend upou 
the following fundamental operations: (1) The preparation, in extrudable form, of a 
suitable protein construction unit from a consideration of molecular weight, axial 
ratio, and chemical reactivity; and (2) the aggregation and orieutation of these pro- 
tein units. Depending upon how well these steps have been accomplished, fixing and 
insolubilizing to some degree by means of various chemical treatments then are re- 
quired to fortify the fibers against the rigors of textile dyeing and processing. 


History 


The art of regenerating proteins in the form of strong fibers has been practiced hefore the eyes of 
man from time immemorial by certain spiders, mites, and insect larvae. The Chinese, who were using 
silk in textiles as early as 2640 u.c., were the first to make speculations concerning min-controlled 
spinning. Robert, Hooke suggested in 1664 the preparation of “an artificial glutinous composition 
much resembling the substance of which the silkworm wire-draws his clew,”? Stall in consideration 
of the fiber spinners of nature, René Réaumur, the French naturalist, wrote in 1734, “Silk is only a 
liquid gum which has been dried; could we not make silk ourselves with gums and resins?”. (See also 
Silk.) 

The spin solution of the silkworm is prepared within the body and stored in the silk gland. 
Extrusion through the highly speciatized spinneret converts the colloidal solution into a solid filament. 
As this natural solidification will oecur under water, it cannot be attributed simply to contact with 
aly or to drying. Presumably the action is due to the stresses and shearing forces exerted by the spin- 
neret itself. The fibers thus formed give the diffraction pattern of fully extended polypeptide chains, 
and are strong and resilient. Man has followed a similar scheme in the regeneration of proteing in 
fibrons form. However, since no spinneret has yet been devised which will produce highly oriented 


200 PROTEIN FIBERS, SYNTHETIC 


protein fibers, the process used by man involves certain additional steps, notably stretching and 
insolubilizing. 

The industrial development. of regenerated protein fibers covers a period of about sixty years. 
Vandura silk, a gelutin-buse Gber, was introduced in 1894. This fiber never found use in ¢extiles be- 
ause of its partial solubility in water. Experimental filers from collagen and gelatin bave been 
reported from time to time, but none has reached the commercial stage. 

Pihers werg prepared experimentally from casein as carly as 1898 but did not come into prom- 
inence until 1935, at which time the important findings of Antonia Ferretti (28) were applied com- 
mercially by Snia Viseosa of Italy in making Lanitel An array of casein fibers followed: Tiolan in 
Germany, Corgan in Belgium, Casolana and Lactofit in Holland, Polan in Poland, Vibrolane in 
England (36), Merinova in Tialy, and Aralac in the U.8. (80, 82). Of these, only Merinova and Iibro- 
lane are now being produced. 

The regeneration of silk fibroin in filament form has reccived considerable study by the Japa- 
nese. Yarns ol “regenerated sill?’ were prepared in small quantity by the Japanese in 1087, Tn the 
U.S., the Corticelli Sitk Company of New London undertook commercial production of fibroin fila- 
ments, but finally disearcled the process, since the flaments could never be made sufficiently strong and 
elastic for textile application. Similarly, fibers have been prepared from dissolved wool, ut in this 
case also tt has not yet been possible to regenerate the protein units into s lorm which approximates | 
the original fiber. The chemical composition of the spun wool (iber is the sume as that of the native 
fiber, but the assembly of the molecular chains anid. the cross linkages which bind them together is 
seriously altered. 

Soybean protein as a fiber raw material has received adtention in many counties, notably Japan, 
Ttaly, Russia, !ngland, and the U.S. The Japanese fiber froin soybenn has been named Silkool. 
Qihers from soybean protein were produced commercially in the U8, for a brief period in 1943 by the 
Draekett Company. Tarlier developments wore carried out. by the Glidden Company and the Ford 
Motor Company (81), Itis reported that soybean protein has sometimes heen combined with casein 
in the preparation of commercial fibers, (See also Soyherns.) 

Foremost in the field of peanut protein fibers is Imperial Chemical Industries, Ltd., of Tengland 
(85). This company started the production of Ardil from peanut protein on semiworks sede in 1946. 
Recent reports state that Ardil is available in commercial quantities. 

The four Regional Laboratories of the Department of Agrieulture have investigated fibers from 
vurious proteins. The Eastern Regional Research Laboratory has worked toward improvement of 
casein fibers (18), the Southern Jaboratory has developed processes for the preduetion of fibers from 
peanut and cottonseed proteins (3,4), the Western laboratary las producer fibers from egg albumen 
and chicken feather keratin ({4), while the Northern laboratory has developed a process for the pro- 
duction of fibers from zein, a protein from corn (7,34), (See also Cottonseed; Zein.) 

Mueh has been contributed to the knowledge of regenerated protein fibers through this broad 
study by the several Regional Lahoratories. Not only has technological information been gained, but 
basic knowledge as well, which has helped ta clarify the whole prohlem of [abricating useful fibers 
from protein materials, 

As an outgrowth of the work of the Northern laboratory, the Virginin-Carolinn Chemicon) Cor- 
poration has developed zein fibers on a commercial scale, and has been producing Vicara zein fiber in 
over increasing amounts since 1948, Irom « consideration of chemical and physical properties, Vieura 
can justly he described as the best regenerated protein fiber to date, Wherens many of the eutlier 
protein-base fibers have been in demand mainly in times of wool shortage, it is apparent that Vicara 
is rapidly gaining 4 veal position among the accepted fibers of the textile trade. 

There is Httle question that the regenerated protein fiber industry will continue to grow. There 
appears to be 4 real place in the textile market for protein Gibers which can be offered in all deniers and 
staple lengths and which are not subject to frequent price Huctuations. The properties of these fibers 
are constantly heing improved through increased knowledge of protein structure and a gradual eon- 
version of the so-called “art” of spinning into an exnot science. 


Chemical Composition 


The fiber regenerated from a given protein differs in chemical composition from 
the protein itself only to the extent to which various reagents unite with the fiber 
substance as a part of regeneration and processing. The nature of these reagents 
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will vary from one process to another, since different curing agents are used and. since 
the basic curing operation is sometimes followed by alter-treatments. Where for- 
maldehyde is used as the curing agent, appreciable munhbers of wethylol (hydroxy- 
methyl) and hydrocarbon groups are introduced. Curing with metallic salts results in 
chemical union of aluminum, zine, or chromium with the fiber. Acetylation, which is 
beneficial to casein fiber, introduces acctyl groups. Although the adélition of these 
chemical agents brings about profound changes in the chemical and physical nature 
of the fiber, they are present in relatively small amounts and do not add appreciably 
to the poundage yield of fiber. tn a practical sense it nay be said that one pound of 
protein yields one pound of fiber. 

Protein fibers are sometimes delustered by the addition of titanium dioxide to 
the spin solution. This substance is inert to the protein, ancl may he seen micro- 
scopically in the fibers as discrete opaque particles. Titanium dioxide will in some 
cases account for as much as one per cent of the fiber weight. 

The nature of the original protein is reflected markedly in the fiber product. 
The proteins of milk, peanut, and soybean contaitt numerous functional groups which 
give the protein as well as the fiber a relatively high chemical reactivity. The fibers 
tend to hydrate readily and will not withstand treatment with hot lignids. In order 
to stabilize these fibers against the rigors of textile processing, it is necessary to block 
as may of the functional groups 48 possible with groups which are less reactive and at 
the same time to introduce numerous chemical eross linkages between the protein 
chains. In the case of zein fibers, the same task is required but apparently is more 
easily performed. Zein contains a comparatively high proportion of nonpolar hydro- 
carbon ¢hains, which render the protein naturally somewhat hydrophobic, and through 
the possession of a large number of formaldehyde-reactive acid amide side chains, the 
necessary nuntber of stabilizing linkages are readily nutroduced. 

Configurational differences doubtless have an important influence upon the ease 
or difficulty with which imsolubilization and chemical stability are achieved. In 
order that bifunctional groups become effective as cross linkages, the eoustructioual 
units must be brought within certain distances of each other. The nearer the protein 
molecules approach an elongated shape and the more these molecules are oriented, 
the greater is the opportunity for effecting interchain linkages. 

The amino acid make-up of the various proteins differs markedly. The contri- 
butions of all individual amino acid compouents to fiber-forming ability and fiber 
character have not been determined, and it is not likely that this knowledge will be 
gained for some time to come. Certain amino acids have been singled out. as exerting 
important effects, and it has been from these findings that some of the most practical 
advances in protein fiber chemistry have been made. Notable among these are the 
investigations by Milton Harris and co-workers of the function of cystine in wool 
fibers (11). Comparatively small amounts of cystine are present in the proteins of 
milk, peainits, soybeans, and corn, and this amino acid so far has been assigned. a 
secondary role in the chemistry of the fibers from these protems. Lysine, on the other 
hand, is thought to contribute substantially to the chemical reactivity and hydro- 
philic nature of proteins from milk, peanuts, and soybeans (18). Tt is significant that 
this amino acid is absent in zein. The amino acid compositions of wool, silk, and the 
principal industrial proteins, as presented. by David Traill (21), are given in Table I. 

The amino acids (q.v.), which are combined in definite proportions to form the 
protems (¢.v.), unquestionably affect the fibrous form, and determine to a degree the 


202 PROTEIN FIBERS, SYNTHETIC 


TABLE f. 
(Grams of Amino Acid per 100 Grama of Protein) 


Amino Acid Composition of Proteins. 





Peanut 


Soybean 


Wool Silk 











Aiino avid Casein (arachin) (glyeinin) Zoin (keratin) (fibroin) 
Inactive 
Glycine 1.9 — 0.23 — 6.5 43.8 
Alanine 3.5 3.0 4,12 9.80 1. 2). 4 
Valine 6.02 3.38 4,50 3.98 5.5 3.2 
Leucine 10.55 6.5 8.40 15.40 9.7 0.8 
Isoleucine 5.27 —_ 4.00 4.30 —_ 1.87 
Proline 10.54 5.3 3.94 4.00 7.2 1.5 
Hydroxyproline — _ _— _ — — 
Phenylalanine 6.46 4.7 5.30 7.60 1.6 1.5 
Acidic 
Aspartic ucid 6.70 14,96 3.86 3.40 7.27 2.0 
Glutamic acid 22.03 21.1 19.46 35.60 16.00 2.038 
Hydroxyglutamie acid ~- — _ — . a 
Amide ammonia? (At 2.16 2.02 3.04 t.18 0.00 
Basie 
Wydroxylysine aan _ - 0.1 —_ 
Lysine 8.25 3,28 5.40 0.00 2.5 0.38 
Arginine 3. O4 [3.10 5.80 1.60 &.6 1.05 
Fistidine 32d 2.35 2.30 0,80 0.7 0.47 
Hydroxy 
Serine 5.87 6.87 6.00 1.00 9.5 12.6 
Threonine 4.53 2.91 4.00 2,20 6.6 1.5 
Tyrosine 6.28 6.0 4.30 5,90 Gl 10.6 
Sulfur-containing 
Cystine 0.40 1.58 1.00 0.91 11.8 — 
Methionine 3.50 1.24, 2.00 2.30 0.35 ~ 
Other 
Tryptophan _a8r 1.19 1.50 _0.20 0.7 
Total 11.76 99,09 88.13 107.63 106.0 109.70 











* Tn combination with aspartic and glutamic acids. 


feasibility of converting the proteins into useful fibers. Modification of the amino 
acid make-up of a protein to give it greater suitability as a protem polymer appears 
to be a staggering task. In this connection it is interesting to consider the purely 
“synthetic protems” as possible fiber materials. Peptides have been connected to form 
molecules of large size (2,5,25). These molecules exist as partially extended chains 
and can be oriented to form bodies giving a well-defined diffraction pattern. This 
work is only in the exploratory stage, but is a development worthy of attention. 


Physical Properties 


The man-made protein fibers appear microscopically as smooth translucent rods. 
The cross sections are rounc and. usually show no structure. A longitudinal and a 
cross section of a zein fiber (Vicara) are shown in Figure 1, and cross sections of a lus- 
trous and a clull casein fiber (Aralac) (23) are shown in Figure 2. 

Casein fiber is white as produced, while the fibers from peanut protein, soybean 
protein, and zein are of a tan to gold color. Bleaching of these fibers is necessary 
before dyeing to pastel shades. The pigment is removed with great difficulty from the 
protein fibers, and the desirability of decolorizing the protein before spinning is evident. 
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The commercial protein fibers are, as a class, resilient, elastic over wide ranges, 
absorbent, and warm and soft to the touch. They are insoluble in organic solvents 
normally used in dry cleaning. The resistance of this group of fibers to acids at moder- 
ate temperature is good, but only the commercial zein fiber can withstand acid dyeing 
at the boil without serious tendering. Resistance of protein fibers to alkalies is about 
equal to that of wool, except for zein fiber, which is considerably more resistant and 
ean withstand kier boiling. 

Casein, peanut protein, soybean, and gein fibers can, in general, be dyed in a man- 
ner similar to wool. Dye affiuuty varies with the degree of orientation and cure, but 


wt, apatites 


a 





Fig. 1. Vicara (400): (a) longitudinal section; (0) cross section, 





Fig. 2. Cross sections of Aralac (X500): (a) lustrous; (8) dull (23). 


is generally high. The commercial zein fiber is exceptional in its versatility with re- 
spect to dyeing. In addition to the acid and chrome colors, direct, vat, sulfir, and 
naphthol colorsmay be used. (See also Dyes (application).) 

With the exception of the zein fibers, all of the protein-base fibers are subject to 
biological attack to about the same extent as wool. The zein fibers, although not 
attacked by mildew, moths, or carpet beetles, do not immunize the fibers with which 
they are blended against these destructive agents. The zein fibers show considerable 
resistance to mildew attack. . 

The protein-base fibers are similar to wool and silk in electrical properties. The 
tendency to generate and hold static electricity is greater than that of the cellulosic 
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fibers but much less than that of the completely synthetic fibers. In many physical 
properties, including luster, specific gravity (1.25-1.30), moisture regain (10-15%), 
thermal insulation, pliability, compressibility, elasticity, elongation, porosity and 
permeability, the regenerated protein fibers resemble the animal fibers to a high degree. 


TABLE (1. Tenacity and longation Properties of Various Protein Fibers. 

















Dry properties Wet properties 

~"'Ponnvity, ~ Ultimate ~ Tenacity, ~ Ultimate ; 

g./denier elongation, % g-/denier elongation, “o 
Silk... eee 4.0 20 3.5 30 
Wool 508. ...........0200005 1.2 38 0.9 50 
Vioura (ein)... 1.2 30 0.75 33 
Soybean. 02.0.2 eee 0.7 60 0.38 60 
Ardil (peantt).. 0.00.02. 08. 0.8 10 6.3 80 
‘“Aralace (easein).. 6. oe. 0.75 15 0.3 80 
Vibrolane (casein). 0.0.0.0... 0.8 G0 

Merinova (casein)....,..... 0.7 











Tu other properties, sharp distinctions must he made. Jor example, none of the re- 
generated protem fibers possess the surface scales foumd in wool. Presumably the 
absence of these surface irregularities explains the failure of these fibers to felt. In 
admixture with wool, however, they appear to increase the felting power of this fiber. 
Although fibers have been prepared experimentally from proteins which are between 
wool and silk in tenacity (15), the commercial products are lower in strength, especially 
in ‘the wet state. In Table If ave given the tenacity and elongation properties of 
several of the protein fibers which have been produced commercially, along with the 
properties of wool and silk. 





Courtesy Virginia-Carolina Chemical. Corporation. 


Fig. 3. X-ray diagram of Vicara. 


Protein fibers which possess a relatively high degree of crystallinity, as indicated 
by their x-ray diffraction patterns (15), have been produced experimentally. Analysis 
of the commercial man-made protein fibers by the use of x-rays, however, shows a 
great predominance of amorphous material. The diagram usually consists of onty 
two diffuse rings. 


Zein fiber, as produced commercially, is more highly oriented than any of the re- 
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generated protein fibers previously offered, a fact which is reflected in its greater 
strength. An inspection of the diagram for Vicara (see Figure 3) shows two ditluse 
ares on the equator of the diagram, giving evidence of lateral order between the chains, 


Identification 


The regenerated protein fibers are identified by tests Involving burning, micro- 
scopic examination, chemical staining, and solubility (1). The protein fibers both 
natural aud synthetic give a singed hair odor when ignited, and leave a soft, friable 
ash. The rate of burning is slow as compared with that of the cellulosic fibers. In 
contrast to the purely synthetic fibers, the protem fibers do not melt when heated 
strongly. 

The regenerated protein fibers are distinguished from wool by microscopic ex- 
aniuation. The surfaces of wool are composed of clasely packed seales, while thase 
of the regencrated proteim fibers are generally smooth. Silk is distinguished by its 
angular cross section, 

Dye-staining mixtures composed of dyes having widely different hue and fiber 
affinity are available for fiber identifichtion (20). The wnknown fabric or yaru, 
after being stripped, desized, and freed of finishing agents, is treatecl with a solution 
of the dye-staining mixture. The dye solution will impart to the fibers in the blend 
colors in varying shade. Identification of the unknown fibers is accomplished by 
comparison with known fibers which have been treated 1 the same cye solution. 
Protein fibers, as a class, can be idemtifiecl in blends by treatment with Millon’s re- 
ageut which stains them red or reddish brown while leaving all other fibers unstained. 

Quantitative determination of the protein fibers in blends can be effected by 
means of solvents. Wilson (24) has suggested the solvent list given in Table TIL in 
which the solvents will not attack any of the fibers listed below them. 


TABLE II. Determination of Protem Fibers by Means of Solvents. 











Fiber Solvent 
Cellulose avetate. 2.0.6... ee eee Glacial acetic acid 
Vinyon FIH.... 22.0.2... ce eee eee Chloroform 
Dyneland VinyouN....... 20. Dimethylformamide 
Aewdlan and Orlon..........-- . Dimethylformamide (100°C,) 
Deron... ccc eee eee Dimethylformamide (hoil) 
Nylon. ccc cect eee een eens 90% phenol or formic acid 
RAYON... cece eee eee tee erates Caleium thiocyanate (70°C.) 
Cotton... ccc cece eee aee 80% sulfurie ucid 
Wool and Vieara... 00.0.0 ee eee 20% bleach 


Further breakdown in the group of protein fibers can be'made by treatment of the 
blend in boiling 59% sodium hydroxide. Wool and silk will dissolve in this solution 
within 38-5 ininutes. Casein, peannt protein, and soybean fibers will become soft 
and gelatinous tn this solution, while zein fibors will remain undissolved. 


Manufacture 


The manufacture of the various protein fibers follows, in general, a common pat- 
term and sequence of operations, and can be discussed without breakdown according 
to the individual proteins. The process can be deseribed very broadly as solubiliza- 
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tion, regeneration, orientation, and insolubilization. Alternate names for these opera- 
tions might be given as spin solution preparation, coagulation, stretching, and harden- 
Ing. 


SPIN SOLUTION PREPARATION 


Masses which are extruded and drawn into filaments range [rom pure substances 
that are softened or liquefied by heating (glass, plastics, metals, ete.) to dilute solutions 
of the fiber substanee (cellulose derivatives, proteins, etc). The prune requirement, 
of the mass to be spun is that it be ina condition which lends itself to change of shape 
within practical ranges of temperature and pressure. Ln certain spinning operations, 
the purpose of forming a melt, plastic, or solution is merely to render the fiber substance 
pHable. Tn the preparation of proletn spin solutions, however, there is a seeand 
purpose, that of modifying the physical and chemical character of the protein by a 
process known as denatieration. . 

The proteins from milk, peanuls, soybeans, and corn are globular as they oceur 
in nature. In Lhis state the protein molecule may be regarded as a cham whieh. is 
cowed or folded, this configuration being maintained by numerous linkages of thesecond- 
ary valence type belaveen segments of the chain. Such molecules are unsuited to the 
formation of fibers, and must, before spinning, be unfolded. Agents which are capa- 
hle of breaking the intramolecular bonds will promote unfolding and thus increase the 
“sninnability’ of the protein. This conversion from the globulur to the fibrous state 
is termed denaturation. 

By far the most commonly used solvent for commercial preparation of protein 
spin sohkriions is aqueous sodium hydroxide. Denaturation of the protein occurs in 
alkaline solution at room temperature aud can be greatly accelerated by the applica- 
tion of heat, When protein reacts with sodium hydroxide, sodium proteinate is 
formed on the surfaces of the tidividual molecules and then ionizes: 








NH: NE, NEI 
a ; a 
R + NaouU KM =e aR + Nut 
SOO COONa COOT 


The Na! ious, which form layers on the surfaces of (he molecules, give rise to charges 
of mutual repulsion. The molecules are pushod apart by the repelling charges, and 
hence dispersion is achieved. Moreover, the individual molecule is forced open and 
assumes a somewhat linear configuration, Agents such as urea, formamide, and go- 
dium thiocyanate appear to accelerate or further the denaturing action of the sodium 
hydroxide. 

In spite of the dispersing action of the sodium hydroxide, it appears that after 
the process of unfolding has advanced to » certain stage, polar groups along the pro- 
tein chains exert sufficient mutual attraction to overcome the electrical barriers which 
separate them, and molecular association or aggregation occurs. Evidence has heen 
presented hy Rees (19) that where the aggregation process is comparatively slow, 
linear aggregztes will be formed preferentially. The viscosity of the spin solution is 
observed to rise markedly during preparadion and is regarded as an indication of “spine 
nability.” This viscosity increase can be attributed. to both the unfolding of individual 
molecules (denaturation) and the building of linear aggregates (association). 
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Substances capable of preventing too rapid viscosity rise have been found useful in 
the commercial preparation of protein spin solutions. The action of these substances 
may be to inhibit unfolding, association or both. Examples of spin solution stabilizers 
are certain aldehydes (33), alcohols, and fatty acids. Denaturants and stabilizers 
sometimes are used in conjunction as additives to the alkaline spin solution, as, for 
example, urea together with formaldehyde (7), 

It usually is desirable from an economic standpoint to use a fairly high roucen- 
tration of protein in the spin solution, as this factor determines to a large degree the 
poundage of fiber which can be produced per spimneret and the amount of dilution 
of the coamtlation bath which will be experienced. Solutions containing about 20%, 
protein are customarily used for spinning. 

‘The spm solution must be filtered before use to remove foreign matter and to 
brealc down or remove any localized gel particles which may have formed during ripen- 
ing. A clean solution of even consistency is required for good spinneret. perform- 
ance. It is equally important that the solution be free of air when spun, as air 
bubbles will cause breaks or weals places in the filaments. Air may he removed by 
pumping the solution in a fine stream into a vaeuum chamber. 


COAGULATION 


In the commercial preparation of protein fibers, the spin solution is extruded 
through spinnerets identical to those used in making viscose rayou (see Rayon and 
acetate fibers}, It is customary to use a multiplicity of jets, and to collect the threads 
from these into a single large tow. Casein and zein fibers have been manufactured in 
tows containing as many as 270,000 filaments. 

The primary action of coagulation is to convert the protein from a dispersed to a 
highly aggregated state. This is accomplished hy removing completely the electrical 
charges which keep the protein particles apart. In the commercial fiber process, the 
alkaline protein solution is usually coagulated by the introduction of H+ ions (acid 
coagulation). 

The coagulated fibers may remain greatly swollen in acid medium. This is due 
to a second barrier between the protein particles: water of hydration. ‘The character- 
istic hydration tendency of the particular protein will determine the importance of 
this factor in fiber spinning. Tt is desirable to remove the hydration shell fvom the 
protein particles along with the electrical charges of repulsion. A practical method 
of achieving this result is to add salts to the coagulation bath. These salts will com- 
pete with the protein for water molecules. 

The manner in which the fibers are coagulated determines to a degree the effective- 
ness of the subsequent stretching operation in promoting orientation. All indications 
leacl to the belief that a comparatively compact fiber structure is a prerequisite to 
effective stretching. Fibers which display a marked tendency to remain swollen 
after acid coagulation are best treated with concentrated salt solutions before or during 
stretching. Fibers that are extremely thermoplastic after coagulation require treat- 
iment with a suitable curing ageut before stretching if a satisfactory degree of orienta- 
tion is to be obtained. 

By varying the coagulant, a wide range of solidification rates aud textural charac- 
teristics can be obtamed. The coagulation step presents a fertile field for study in the 
development of superior fibers from proteins, 
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STRETCHING 


All commercial processes for the production of protem fibers have ineluded a 
suretching operation. The effect of stretching under controlled conditions is to give 
the fibers a decided inerease in Lenacity, lower ultimate elongation, luster, trans- 
pareney, and other properties which are associated with a higher degree of orientation 
(29). The plasticily of the coagulated fiber is adjusted by treatment, with salts and 
curing ageuts. Tn the semiplastie condition, w certain amonnt of interaction exists 
between the structural units of the fiber. When one fibrous chain is drawn, as in 
stretching, neighboring chains are drawn in the same direction, The reswt is a more 
parallel arrangement of the fibrous units. [n the parallel configuration, the oppor- 
tunity for increased interaction is adinitted. 

The stretch bath may vary in composition from water to aqueous salt systems of 
high ionie strength. The action of the bath in increasing or reducing the plasticity 
of the filaments will affect the degree of orientation obtained ata given stretch. Tf the 
plasticity of the filaments is reduced to a point where fairly high extensions are im- 
possible, full advantage of the stretching operation will not be gained, If, on the 
other hand, the plasticity of the filaments is excessive because of low ionic strength or 
high temperature of the sirefeh bath, stretel will result only in molecular slippage 
without appreciable improvement in strength and other properties. 

Tt has been customary in commercial processing to adjust the coagulated fiber 
structurally so that it will withstand an extension of 150-500 in a suitable stretching 
medium. This degree of extension approaches fairly closely the maximum which 
can be given without causing breakage. In order to prevent contraction of the fibers 
after stretching, and a corresponding logs in desirable properties, the fibers usually 
ave dehydrated under tension, On the removal of liquid from the strained fiber, the 
constructional units assume amore compact telationship, chain internetion ts increased, 
and the dimensions of the fiber are fixed. A convenient means of dehydrating the 
fibers at this stuge is to immerse them in concentrated salt sohrtion. 


HARDENING 


The development of salisfactory curing methods for the regeuerated protein 
fibers has presented one of the chief problems af production, and failure to impart ta 
the fibers a high degree of cheinieal resistance and dimensional stability has con- 
tributed in large nicasure to the final rejection of some of the fibers as textile materials, 

Because of the relatively amorphous character of the protein fihers, the introduc- 
tion of chemical cross linkages is expecially inrportant i achieving satisfactory resist 
ance to the road of liquids. The polypeptide chains, hosides tending to remain 
folded, possess numerous bulky side groups. The restt is that moleauar linkages of 
the secondary valence type are relatively few in mumber and are severed by the swell- 
ing forces of chemical soltitions and even of water. ' As durable eross linkages are intro- 
duced into the fiber structure, both the wet and the dry properties are improved, and a 
lower affinity of the fiber for chemicals (aud dyes) is realised. 

Among the chemical compounds which have been used for the hardening of pro- 
tein fibers ave formaldehyde, certain higher aldehydes, glyoxul, trioxane, furfural, 
quinone, ketene, various metallic salts, and tannie acid. Formaldehyde is by far the 
most commonly used curing agent for proteins, partly because of its low cost, but 
inainly because of its effectiveness. Tormaldehyde curing of protein fibers is usually 
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carried out in the presence of certain salts; for example, sodimn chloride and the sul- 
fates of sodium, aluminum, and zine. Saturated salt solutions are especially suitable 
aus mediums for the formaldehyde curing process, as the fibers show little tendency 
to shrink in these systems, even at elevated temperature. 

For many years it was generally accepted that the reaction of proteins with for- 
maldehyde was mnainly through the free amine groups supplied by the lysine residues 
(10,17). Recent investigations (8,9,12,20) have pointed to the reactivity of other 
protein groups with formaldehyde. It has been shown that the amount of formal- 
dehyde combined with the protein exceeds that which could be bound by the basic 
ammo groups alone, and that participation of amide groups (present in great numbers 
in ihe industrial proteins) is likely, Evans and Croston (8) have proposed the follow- 
ing reaction mechanism to account for the cross-linking of gein: 

. . . . alfsali or 1 . . 
—CHLCONER + CHO aT ~—CHLCONTICHLO EL 
Uh 
(methylol amide} 
i . heat -+- acid ‘ , ery ‘ 
2—CLLCONHCH.OIW ~ —————__ -- -CInCONHCILOCIENTIICOCHL—- 
dehyelrating 
conditions . 
(oxymethylene diamide) 


or 
; : heat - acid 
—CILCON H -+ —-CH:CONHCH.OM ““Tehyimtin? —CH,CONHCH.N HCOCH:— 
conditions (methylene ciamide) 
Fraenkel-Conrat, Cooper, and Olcott (8) have advanced a theory regarding the 
cross-linking of proteins lacking in free amino groups which involves the ammonium 
salts or primary amines which are known to be catalysts for the reaction between such 
proteins and formaldehyde. In this reaction the amine salt combines with formal- 
dehyde to form a dimethylulamine, which in turn reacts with two amide groups of the 
protein molecules. 


CILOE 
RNIL + 2 CHO --——+ RN 
CH,OH 
CILOH CHLNUCOCH:— 
f “ 
2—CILCONEB + RN —-+ rv 
‘CHLOH CHINUCOCH:—~ 


Wormell (27) has described the union of proteins with metals having a valence 
nuniber greater than one to form cross linkages. The carboxyl groups of the protein 
are said to combine with a mumber of metals, inehiding alminwn, zirconium, mercury, 
chromitn, and zine, Chromium and mercury are exceptional in thal. they combine 
not, only with carboxyl groups, but, respectively, with amino and anice groups as well. 
Metallic salts are used in conjunction with formaldehyde in the enring of certain 
protein fibers, notably the fibers from casein and. peanut protein. 

Acetylation, as a means of reducing the hydrophilic character of casein fiber, 
was used, subsequent to formaldehyde hardening, in the commercial preparation of - 
Aralac. Zein fibers are affected sinularly by the introduction of acetyl groups, but no 
commercial use has yet heen made of acetylation in the praduction of Vicara, 
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Uses 


The introduction during recent years of a number of new fibers possessing unique 
characteristics has made possible the blending of fibers to obtain au array of new 
effects and properties in fabrics, The regenerated protein fibers have found use 
chiefly in blends with other fibers, and the contribution which they make to the proper- 
ties of the fabric depends largely upon the uature of the fibers with which they are 
blended. Tor example, their inclusion in wool fabrics does not materially change the 
properties of absorptiveness aud warmib, but greatly enhances softness and suppleness, 
except with the very finest grades of wool or with cashmere. In adinixture with nylon 
or Orlon acrylic fiber, these Ghers contribute little to the strength of the yarn or fabric, 
but they increase the power of the textile material 10 absorb moisture, a factor which 
is of great importance in determining wearing comfort. In blends with cotton or 
rayon, hoth the warmth and the softness of the fabric are enhanced, and the fabric will 
possess better shape-holding properties and resistance Lo creasing anid nrussing. 

The comfort-giving properties of warmth, softaess, and absorptiveness of the 
man-made protein fibers dictate their use in clothing fabrics. The greatest proportion 
of these fibers at: present is finding use In men’s and women’s suitings, knitted wear 
such as sweaters, socks, and underwear, aud in dress fabrics and shirlings. Up- 
holstery and carpets have taken a share of the protein fiber output. Minor uses in- 
elude blending with animal furs in the wanulfacture of hats, 

As the properties of these fibers are inyproved, their applicability is bound to widen. 
In fact, merely with increased wet strength and chemical resistance, tt appears that the 
concept that the regenerated protein fibers are essentially substitute materials will 
give way to a. classification which is more im keeping with the inherent qualities of 
warmth and “luxury” hand which they possess. 
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PROTEIN HYDROLYZATES 


When » protein is subjected to hydrolytic degradation, as, for example, hy digestion 
with strong acid, the resulting mixture of the various end products of the digestion is 
designated a “protein hydrolyzate.’ If hydrolysis is carried to completion, the hydrol- 
yzate will ordinarily consist chiefly of a mixture of some 18 to 20 different amino asids 
(g.v.), and there is abundant evidence to support the belief that these amino acids are 
the distinctive structural units of which proteins (q.v,) are composed, 

Hydrolysis is said to be complete only when all of the amino acids have heen re- 
leased from combinations with each other, and each is present in the hydrolyzate as an 
dividual entity. If the digestion is terminated before completion, however, the 
hydrolysate will contain not only amino acids but also some peptides, which ire inter- 
mediate hydrolytic products consisting of two or more amino acids joined together by 
the familiarly known peptide (substituted amide) linkage. Accordingly, the number 
and degree of complexity of peptides occurring in a protein hydrotyzate will depend 
upon the stage (short of completion) to which hydrolysis was carried, 

The nature of the peptide linkage joming mdividual amino acids to fern: peptides 
(polypeptides) and proteins ts illustrated below for a tripeptide and its three component 
amino acids. The carboxyl group of one amino acid unites with the amino group of an 
adjoining amino acid, with the splitting off of one molecule of water at each linkage, 
This process is reversed wheu the protein or peptide undergoes hydrolysis. 
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Peptide Linkages 
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Peptide Structure 

Protein hydrolysis can be nccomplished by one of three types of hydrolyzing agents, 
namely, acids, alkalies, and enzymes, and each type of hydrolytic agent hag its own 
special merits and limitations. For most ordinary proteins a period of 16-24 bours 
of boiling with either strong acid or strong alkali at atmospheric pressure is necessary 
to effect complete hydrolysis. When the biologival, or enzymic procedure is used, it is 
virtually impossible to earry hydrolysis to absolute completion, and even an approach 
to complete hydrolysis can be achieved only after many days or even weeks of enzyme 
digestion under carefully selected and controlled conditions. See ulso Hnzymes antl 
enzymology. 

Protein hydrolyzates are available either as solutions, as pastes, or in dried forin. 
They are subject to an extraordinarily wide range of variation in composition ynd prop- 
erties. Many of the factors and agents responsible for this variation ave controllable 
within wide limits, und it is therefore possible to produce hydrolyzntes under conditions 
that can be regulated for individual purposes and requirements, The several purposes 
and uses for which they are produced in industrially important quantities inay be 
considered tio fall into three main categories, us follows: 

(1) Protein hydrolyzates prepared primarily as ‘intermediates’ for isolation 
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and recovery of individual amino arids, especially in instances where synthesis is 
not economically advantageous, 

(2) Protein hydrolyzates manufactured for use as food seasoning agents. 

(8) Protein hydrolyzates prepared solely for nutritional purposes and intended 
for administration to patients who, because of special types of disease, injury, or 
surgery, find it either necessary or desirable to have their proteiu foods presented to 
them in “predigested”’ form. 

As a background for the formulation of any process designed for large-scale pro- 
duction of a particular type of protein hydrolyzate, a large fund of accumulated knowl- 
edge and technical information exists regarding the unique properties and behavior 
of proteins and of the individual amino acids. From this mass of available infor- 
mation particular mention should be made of several fartors—scource, purity, and hy~ 
drolyzing szents—having important technological implications regardless of the type 
of hydrolyzate that is under cousideration for industrial manufacture. 


Source of Protein 


Protein substances preferred as starting materials are naturally coufined to those 
available in quantity and at reasonable cost. Prominent amoung these are casein 
(q.v.), lactalbumin (whey protein--see Vol. 4, p. 844), soybean protein, yeast protein, 
and meat proteins such as those obtainable from extraeled liver and beef muscle. 
Within the limitations of availability and cost, the preference is usually based upon 
amino acid composition, since proteins vary enormously in this respect. This varia- 
(ion is almost negligible in terms of the kinds of amino acids preseut, but is of the ut- 
most significance as regards the relative amounts and proportions in which the amino 
acids occur. Accordingly, if the ultimate objective of protem hydrolysis is volume 


TABLE I. Amino Acid Composition of Vegetable and Animal Proteins.” 








Amount, grams, in: 




















Vexetable proteins Animal proteins 
Aiino acid destin Ciliadin Liver protein Lactalbuanin 
Arginine, .......0.....000000- 14.8 2.7 6.6 4.0 
Histidine... 0.0.0.2... 00.0000, 2.5 2.1 2.5 2.3 
Tuysine. .0 0... ee 2.3 1.1 7.49 10.4 
Tyrosine... eee 3.9 3.0 3.9 5.8 
Tryptophan... 0.2.6... 0 0080. 1.3 0.8 L 5 26 
Phenylalanine... 0.0.0... 5.0 5.8 6.1 5.0 
Cystine... eas bd 2.3 1.4 4.0 
Methionine. . 2.0 1.5 3.2 2.46 
Threonine... 2.2.2.0... 6... 43 1.9 4.3 iO 
Serine... eee 5.4 4.4 73 4.4 
Leucine... 0... eee 6.6 6.4 Rob 12.1 
Tsoleucine.. 00. eee 4.0 73) ALS 7.5 
Valine oo... eee jit 2.4 rat) 6.6 
Glutamic acid... ee 178 42.8 196 is 0 
Aspartie acid... a. 6 WDB 0 OG 110 
Glycine... eee ee er i 1.0 8.0 35 
Alanine. ... 0.0.6... .000- aie. ALT If Ie 4 
Proline. .... ee eee £0 ra oan) 





& Calculated to 16.0 grams of nitrogen. 
Souree: reference (2). 
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produetion of one or more individual amino acids, the preferred protein will obviously 
be the one in which the desired amino acid occurs in relative abundance. 

For the production of hydrolyzates intended as food flavoring agents, the protein 
of choice is ordinarily the one having a high glutamic acid content (other things being 
equal), since ghitamic acid (see Vol. 1, p. 724) far surpasses all other amino acids as a 
flavor-influencing factor. The importance of this basis of selection becomes less 
critical, however, when ib is realized that in most of the industrially available protein 
materials the glutamic acid content exceeds that of any other single amino acid, usually 
accounting to 18-80% of the total protein substance. This applies particularly to 
proteins derived from most. of the cereal grains (see Vol. 3, p. 600) and oil seeds, 

When protein hydrolyzates are prepared to furnish an assortinent of amino acids 
for therapeutic use, the ideal starting material must necessarily be a protcin substance 
which contains all of the so-called nutritionally indispensable amino acids in a suitably 
balanced mixture. The eight amino acids that are now known to be nutritionally 
indispensable for the maintenance of nitrogen balance in humans, and which can be 
supplied only by food proteins, are lysine, tryptophan, threonine, methionine, phenyl- 
alanine, leucine, isoleucine, and valine (see also p. 246). Proteins derived from animal 
sources (casein, lactalbumin, liver and muscle proteins, ete.) are known to be superior to 
those of plant origin because of their morefavorable composition and balance with respect 
to the nutritionally indispensable ansine acids. Typical instances of this superiority 
are shown in Table I, giving comparative amino acid compositions of fumiltarly known 
vegetable and animal proteins. 


Purity of Protein 


Protein materials or concentrates that are ordinarily procurable in quantities 
suitable for industrial use may always be expected to contain associated nonprotein 
contaminants or impurities. The impurities normally consist chiefly of carbohydrates 
and lipides, along with smaller quantities of other miscellancous organic substances of 
biological origin. These contaminants preseul compleations of varying type and de- 
grec, depending largely upon the method and conditions of hydrolysis used. Their 
effects on the hydrolyzate are detectable in terms of color, odor, taste, and in the degree 
to which individual amino acids may be damaged or destroyed. Special means for 
the elimination or partial removal of objectionable impurities may be applied to pro- 
tein materials either hefore or alter hydrolysis, according to the type of use for which 
the hydrolyzate is intended. 


Hydrolyzing Agents aud Conditions 


Of the three methods of hydrolysis using acids, alkalies, or enzymes, the one that is 
most convenient and commonly used for, accomplishing complete hydrolysis is the 
acid process. A frequently used adaptation is to boil the protein for 16-24 hours in 
2-20 parts, by weight, of approximately 20% hydrochlorie acid, Autoclaving at 
higher temperatures and for shorter periods of time is an alternative method. 

Comparative studies on the hydrolysis of protein (wheat gluten) at high pressure 
have been reported by Hall (8). Other variables included in the investigation were 
concentration of acid, temperature, and time. It was concluded that pressure hydroly- 
sis offers time-saving features and that no serious destructive effects on the protein 
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components should be expected if pressures and temperatures de not exceed 75-80 
p.s.i. and 180°C., respectively. 

The hydrolyzate resulting from the acid process is normally a dark-colored solu- 
tion containing some carbonaceous suspended material known as “insoluble humin,” 
while that portion of the dark substance remaining in solution is designated ‘soluble 
humin.”’ Humin is derived chiefly from the carbobydrate substances that are present 
in nearly all crude protein materials. The formation of humin involves some inter- 
action between carbohydrates and amino acids, resulting in the partial destrietion 
of cystine and tyrosine and in the complete destruction of tryptophan. (Since trypto- 
phan is one of the nutritionally essential amino acids, it is necessary to supplement 
acid hydrolyzates with tryptophan if a nutritionally complete ainino acid mixture is 
desired.) Various means of preventing or minimizing humin formuation (and destruc- 
tion of tryptophan) during acid hydrolysis—by providing a reducing rather than an 
oxidizing environment—have been suggested: the presence of stannous chloride (10) 
or of urea (4), or the use of sulfur dioxide as the hydrolytic agent under pressure at 
temperatures up to 180°C. (18). 

Hydrolysis by the use of sulfuric acid offers certain advantages, important among 
which is the fact that the sulfate ion can be removed, after hydrolysis, by treatment 
with barium or calcium hydroxide. However, in instances where the presence of 
salts in the hydrolyzate is not objectionable, the use of hydrochloric acid is usually 
preferred for the following reasons, ainong others: 

(1) The concentration of hydrochloric acid needed for complete hydrolvsis is 
lower than for sulfuric acid. 

(2) A substantial portion of the hydrochloric acid can be removed and/or re- 
covered hy distillation. 

(8) The presence of sodium chloride in the neutralized hydrolyzate is compatible 
with its use both as a favoring agent and as a starting material for the isolation of 
certain individual amimo acids. 

Several factors can strongly influence both the rate of hydrolysis aud the character 
of the hydrolyzate. These are temperature, time, acid coucentyation, und ratio of 
acid to protein. The time required for hydrolysis to proceed to completion can be 
very substantially reduced by raising the temperature. It can also be shortened by 
increasing either the acid concentration or the ratio of acid to protein. Investigations 
of the manner und degree in which rates of protein hydrolysis are affected by varying 
strengths of several different acids and alkalies have been reported in considerable 
detail by Vickery (15) anc by Greenberg and Burk (6). 

Acid hydrolysis exerts certain destructive effects upon amino acids in addition 
to those involved in humin formation; two of the more conspicuous of these effects are 
racemization and deamination. Under ordinary refluxing conditions the amount of 
such destruction is not serious, but when hydrolysis is carried out at relatively high 
temperatures, or for unduly prolonged periods of time, the extent of destruction may 
become important. 

Acid hydrolyzates have a distinctive odor that is suggestive of burnt meat, and 
the exact nature and origin of the odor is not understood, The higher the temperature 
of hydrolysis, other factors being equal, the stronger and more penetrating (usually) 
isthe odor. Most of the odor (and color) can be removed from acid protein hydroly- 
zates by treatment with decolorizing carbon.’ For complete removal of odor and color, 
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however, the quantity af carbon required is ordinarily extremely large; nevertheless, 
this treatment is normally used in commercial operations. 

Although the hydrolysis of proteins ean be readily accomplished by boiling with 
strong alkali (usually either sodium or barium hydroxide), the alkaline process has 
disadvantages that mule it unsuitable for most purposes. Arginine and cystine are 
completely destroyed by alkaline hydrolysis, some other amino acids are partially 
destroyed, while all amino acids undorgo racemization. The oue conspicuous merit 
of alkaline hydrolysis is that under the proper conditions it toes not destroy trypto- 
phan, as doesacid hydrolysis. Accordingly, alkaline hydrolysis is sometimes employed 
in order to provide tryptophan for nutritional use (11). 

Hydrolysis of proteins by the enzymic process offers the unique advantage af 
providing hydrolyzates in which little or no destruction of amino acids has occurred, 
Such hydrolyzates are nowadays produced almost exelusively for therapeutic use, 
some of them being suitable for either oral or parenteral administration, However, 
enzyme hydrolysis must be carried out in relatively dilute solttions, Is very time- 
consuming, and is never completa (5). As ordinarily prepared by the use of pancreatic 
enzyme, the hydrolyzates are apt to have a disagreeably bitter taste, 


Intermediates 


Tn the preparation of protein hydrolygzates to serve as “intermediates” in processes 
for the recovery of individual amino acids, the important considerations are, of course, 
the procurement of a suitable protein raw material and the scleetion of a hydrolytic 
procedure best adapted for maxinmm recovery of the desired amino acid. Thus, for 
production of lysine and histidine the preferred material is a blood protein hydrolyzate 
prepared by acid digestion. or the isolation of tryptophan the choice would normally 
be a casein hydrolyzate prepared either by alkaline or by enzymic digestion, since 
tryptophan is destroyed by ordinary acid hydrolysis. Ghitamie acid is mannfactured 
for the production of its monosodium salt for use in flavoring (see p. 217). 


Food Seasoning Agents 


The earliest. known use of protcin hydrolyzates as food flavor improvers was 
apparently in the Orient many centuries ago. The ancient process, which has re- 
mained in use to some extent up to the present time, involved digestion of vegetable 
proteim imaterials—usually derived from the soybean (¢.v)—for periods of as much 
as a year or two with mold enzyines, bacterial spoilage being prevented or restricted 
by the addition of salt. Only partial hydrolysis is accomplished by the enzymic 
digestion, and the dark-colored liquid hydrolyzates (familiarly known as ‘soy sauce’) 
impart an agreeable meathke flavor to the Oriental vegetarian dict. 

For commercial production of protein hydrolyzates to be used as food flavoring 
agents, hydrolysis with hydrochlorie acid is usually preferred. After hydrolysis and 
removal of humin by filtration, followed sometimes by the removal of a portion of the 
acid hy evaporation, the hydrolyzate is given a decolorizing treatinent with carbon, 
netralized to pH 5-6, and concentrated to the desired degree. It can be produced 
as & paste or dried to a powder, which is very hygroscopic. Protein materials available 
for the purpose include wheat gluten, corn gluten, soybean meal, dried yeast, and 
casein. These proteins may be used individually or in mixtures. 
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The hydrolyzates normally contain large amounts of common salt, which results 
from neutralization of the hydrolyzing acid (hydrochloric) with eaustie soda. Analy- 
sis of tem representative commercial hydrolyzate powders showed salt percentages 
ranging from 28.6 to 65.8, while for several representative hquid hydrolyzates the salt 
content ranged from 10.7 to 21.2%, with total dry solids varying from 27.8 to 57.7%. 
Percentages of amino nitrogen ranged from 2.0 to 5.7 in the powdered products, 
and from 0.6 Go 3,2 in the liquid hydrolyzates. (Percentage of amino nitrogen is a 
reliable index to the degree of completeness to which the hydrolysis is earried. Amino 
nitrogen is conveniently and ordinarily determined analytically by the Van Slyke 
nitrous acid method (14), although other suitable analytical procedures are also avail- 
able.) These analytical data, together with an informative discussion of various 
methods and factors involved in the production of protein hydrolyzales for favor, are 
presented in a paper by Hall (7), There are several patents, such as the one by Hall 
(17), covering the production of protein hydrolyzates for food seasoning purposes. 
A typical corn gluten hydrolyzate intended for use in fool flavoring soll for about 60¢ 
per pound as a dry powder in 1953. 

The flavor-influencing properties of pr otein hydrolyzates, exclusive of the sodium 
chloride effect, are attributable primarily to to factors. One of these is a “meat: 
broth” flavor that is a unique characteristic of protein hvdralyzates in general, In 
hydrolyzates of good quality this flavor is a pleasing one which gives improved palata- 
bility to various foods, especially those which by themsclves tend to have a bland taste. 
It finds extensive use in certain types of meat and vegetable foods. The other factor 
of special importauce is the “glutamate factor.” 

Among the amino acid components of proteins most used for production of “flavor”? 
hydrolyzates, glutamic acid, HOOCCIQCHLCII(NH),COOH, is conspicuous for 2 rea- 
sons. First, it is present in larger quantity than any other single amino acid. Second, it 
is the only amino acid which has, in addition to a distinctive “glutamate taste,” the re- 
markable property of intensifying the natural or inherent flavor of airy material with 
which it may be associated (see also Vol. 6, p. 585), a fact which was discovered 
aud first applied in the Orient more than 50 years ago. 

Although some of the other amino acids have a slightly sweetish taste, none of 
them possesses either the so-called “glutamate taste” or the special flavor-intensifying 
property associated with glutamic acid. It has heen stated (9) that, for seasoning 
purposes, the glutamate content of a good, commercial dry protein hydrolyzate should 
be not less than 12% 

It is noteworthy that only the naturally oecurrmg isomer (1-form) of glutamic 
acid has this flavor-intensifying property, whereas the unnatural isomer (p-form) is, 
comparatively speaking, inert. 

t-Glutamie acid, as used for the production of monosodium glutamate (M.8.G.), 
is now produced chiefly from three different raw materials, Two of the three are the 
crude proteins, wheat gluten and corn gluten; wheat gluten is conspicuously superior 
to corn gluten on the basis of total glutamic acid content. The other important raw 
material is “Steffens filtrate,” a by-product liquor obtained when beet sugar molasses 
is subjected to the customary Steffens process for recovery of sucrose (see Sugar 
manufacture). The first operation, hydrolysis, is followed by suitable steps of neutral- 
ization, filtration, and coucentration, the erude glutaniic acid being recovered from the 
concentrated hydrolyzate by appropriate crystallization methads. The erude glutamic 
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acid is later purified hy washing the crystals and/or recrystalligation, neutralized with 
caustic soda, and packaged in the form of pure dty crystals of monosodium, ghitamate. 

This salt was procuced in 1952 in the anomit of approximately 44-12 million 
pounds in the United States alone, and marketed as such for use as a seasoning agent 
which functions as a food flaver intensifier. 

The manufacture of glutamic acid for the connnercial production of monosodium 
glutamate utilizes more protein hydrolyzate than is needed for the production of all 
other individual amine acids put together. (See also Vol. 1, p. 724.) When sold in 
bulk (200-Ib. drums), the salt was priced in 1953 at approximately $1.70 per pound. 
Tt is also available in small consumer packages, the cost per pound inercasing with de- 
crease in the size of the package. 

One type of protein hydrolyzate flavoring material is available, in large quantity, 
as a by-product from the manufacture of monasocdium glutamate. Actually these are 
protein digests from which the major portion of glutamic acid that was originally 
present has been renoved. These “secondary” hydrolyzates usually contain only 
about 2% glutamaie. Their market demand is limited and their selling price is rela- 
tively low ($35-50 per ton). They can be usetl as extenders, or even as substitutes, 
for soy sauce. 

There has been much speculation as to the origin and chemical nature of the 
characteristic “meat broth” flavor of protein hydrolyzates, but tts true identity is as 
yet unknown, Enough has been learned about its characteristics (1,12), however, 
to warrant the following statements: 

(1) The flavor cannot be duplicated hy any known mixture of pure anuno acids. 

(2) Tt is associated with some derivative or degradation product of either an 
amine acid (sulfty-containing?) or of some nonprotein substance, or a combination of 
both. 

(3) It is related to the distinetive odor, and also to the soluble coloring matter 
of the hydrolyzate, as evidenced by the fact that, both odor and flavor are entirely 
removed by complete decolorization with carbon (12). 

(4) Low-temperature hydralysis gives praduets whose flavors are said to be supe- 
rior (1) to those produced by high-temperature digestion, the latter tendimg to give 
flavors having a slightly burnt or bitter character, 

Under certain conditions protein hydrolyzates may develop off-flavors during pro- 
longed storage. This applies especially to those derived from protein materials which 
originally contained substantial quantities of earbolrydrates and lipides as coutatminants, 
The presence of carbohydrate hydrolytic degradation products may, on storage, give 
rise to objectionable flavors resulting from the “browning reactiow” (interaction between 
amino group and rechiciug sugars), while the presence of lipide substances and deriva- 
tives can permit the development of rancidity (4). . 


Pharmaceutical and Medicinal Use 


The pharmaceutical use of protein hydrolyzates, which hag gained increasing 
prominence during very recent years, involves administration of the hydrolyzate 
(either orally or parenterally), as “predigested” protem, to hypoproteinemic patients 
for whom there is urgent necessity for rapid assimilation of amino acids to restore 
losses of plasma protein vesulting from severe shock duc to surgery, burns, wounds, 
fractures, ete, (3). This therapy has alyo been found elfective for patients who have 
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suffered loss or impairment of their normal processes of food digestion and absorption, 
as in acute starvation and in surgery of the gastrointestinal tract. Favorable results 
have also been reported in the treatment of allergies, ulcers, and some types of liver 
damage (3). Parenteral (intravenous) injection is generally employed, when the time 
element is of critical importance, or when the stomach cannot tolerate the presence 
of food in any form. Moreover, many hydrolyzates are not easily tolerated when 
taken orally because of their unpalatability. 

For the preparation of hydrolyzates for therapeutic uses the hydrolysis is usually 
accomplished either by acid or by proteolytic enzymes (16). The preferred acid is 
sulfuric acid, chiefly because it can be quantitatively removed, after hydrolysis, with 
barhun hydroxide. The hydrolyzate is then decolorized with carbon, treated with 
hydrogen sulfide to remove heavy metals, concentrated under reduced pressure, ane 
dried. Tryptophan should be added to replace that destroyed during hyclrolysis. 

In the enzyme process (16) a protein such as casein is suspended in water, aud the 
suspension is made alkaline with sodium carhonate and digested for days with chopped 
hog pancreas, which furnishes the enzymes trypsin aud erepsin (see Enzymes). Chloro- 
form and toluene are used us preservatives. When the proteolytic digestion has pro- 
ceeded to its limit, the digest is boiled to destroy the enzyme and decolorized with 
carbon, and the liguid, after filtration, is concentrated in vacuo and dried. Proteius 
other than casein that ean he used include blood protem, muscle protein, soybean 
protemn, and lactalbumin. Moreover, other enzymes (autolyzed yeast peptidase, 
ficin, papain, etc.) can be employed in conjunction with trypsin (19), 

Protein hydrolyzates designed for therapeutic use nvust obviously meet more ex- 
acting specifications than those intended for other purposes, and this necessity be- 
comes especially critical for hydrolyzates to be used for intravenous injection. Various 
deseviptive and labeling requirements have been established by the Conneil on Phar- 
macy and Chemistry of the American Medical Association for the protection and in- 
formation of users of these hydrolyzates (13). These requirements include the follow- 
ing: 

(1) Identity of the protein source. 

(2) Method of hydrolysis (acid or enzymic). 

(8) Perventages of individual amino acids, thus insuring the presence, in proper 
amounts and proportions, of the eight known to be nutritionally indispensable. 

(4) Presence of any added substances such as dextrose or amino acids from other 
sources, 

(8) Declaration that more than 50% of the total nitrogen is present ax o-amino 
nitrogen, as chemical proof of the absence of antigens. 

(6) Statement of sodium and potassium contents. 

(7) Assurance, based upon clinical evidence, that the hydrolyzate has no pyro- 
genic, antigenic, or toxic properties. 

These hydrolyzates should be perfectly clear and transparent, and should le ad- 
justed to a pH range that is compatible with that. of blood. It is desirable that the 
content of dicarboxylic amino acids (glutamic and aspartic acids) be as low as possible, 
since their presence in substantial quantity is apt to produce nausea upon intravenous 
injection. 

Hydrolyzates intended for parenteral administration are ordinarily prepared as 
5-6% solutions, some of which contain 5% added dextrose. They ave normally sold 
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in t-liter bottles, the average cost to hospitals and physicians being in the neighborhood 
of $2.50 per liter. 

Hydrolyzates intended only for oral use have been prepared in the form of liquids, 
pastes, and powders. While their specifications need not he as strict as those of hydrol- 
yzates for intravenous injection, (hey should conform to all reasonable requirements 
for cleanliness, low bacterial count, completeness of hydrolysis, low salt content, and 
amino acid composition. An objectionable feature of hydrolyzates for oral use, as 
previously mentioned, has frequently heen their unpatatability, due to x bitter taste 
which causes nausea and vomiting in some patients. A variety of proteins can be 
used, either singly or in combination, in the preparation of enzymic hydrolyzates 
intended for oral administration. Tn many instances the hydrolyzates contain supple- 
mentary nutrients, including vitamins, sugar, and minerals. Flavoring materials 
such as peppermint and chocolate are sometimes added to improve the palatability. 
The preparations are sold both as dry powders and as solutions. Retail prices for 
dry preparations usually range from $5 to $8 per pound, while corresponding costs 
for the concentrated solutions ordinarily run from $3 to $4 per pint. Labeling re- 
quirements are, with few exceptions, similar to those for lydrolyzates prepared for 
parenteral achninistration. 
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Isolated proteins in dry forin are responsive to the softening effects of water and crn be 
worked under heat and pressure to the form of plastic articles. This compatibility 
with water is the basis of all industrial uses of proteius in plastic furin. Dispersions of 
proteins in water constitute an important class of adhesives (see Vol. 1, pp. 195, 202), 
and synthetic protein fibers (qy.v.) are possible only because they can be extruded from 
solutions in which water is the solvent or a purt of the solvent. 

The chief protein usecl commercially for plastics (q.v,) is cascin (q.v.). Its amor- 
phous nature, molecular weight, and structure satisfy the forming and curing require- 
ments, and it can produce articles in a wide range of colors which are characterized 
by high strength and good machining properties for a plastic, An article from casein 
cannot be detinitely identified by appearance alone, although it is likely to have a 
mottled or pearly pastel color and show a rather high gloss. Upon charring it gives 
off the characteristic odor of burning hair. Casein plastics are usually used as buttons, 
buckles, beads, game pieces, kuitting needles, and novelties. 

The first mention of casein as a plastic inaterial occurred in L885; its possibilities 
were greatly euhanced in 1890 when formaldehyde treatment was first applied. The 
first commertial casein plastic was Galalith, introduced in 1890 by a French company; 
upon expiration of the basie patent, American production started with Aladdinite in 
1920. Subsequently, casein plastics were produced under the trade names of Karolith, 
Kyloid, Inda, Ameroid, and Galoan, the last two being the names of the present 
American products. The British counterpart is Krinoid. 

Whereas the early work was carried out on casein and other animal proteins, the 
vegetable proteins have been under investigation more recently. Detailed processes 
have heen worked out for the isolation of the proteins from cottonseed (q.0.) (1), 
soybeans (q.7.) (5), peanuts (6), and «orm (see Zein), Perhaps soybean meal has 
received the most attention as a base for molded plastics (11). However, these pro- 
teins have not been develoned commercially as plastics as casein has been, and some of 
them find more promising svplications as protein fibers. 


Properties 


Casein plastic is characterized by high strength and good machining properties 
(it can be sawed, drilled, tanped, sanded, ground, polisk <1, threaded, and turned). 
The color and gloss are relatively fast to light. However, its low resistance to sol- 
veuts, particularly its sensitivity to moisture, which results in dimensional changes and 
warpage upon exposure to changing atmospheric conditious or to water, even after 
treatment with formaldehyde to saturation, remains a serious deterrent to its wider 
use. 1t gradually hardens in storage owing to a drying out process, Table I gives 
various physical properties for casein and other plastics (14). 

Casein plastic compares favorably with the very strongest synthetic plastics, 
such as nylon plastics, in tensile and flexural tests, auc heads the list in compressive 
strength. It is moderately heavy aud its modulus of clasticity, impact strength, and 
hardness rate fairly well. It has good dielectric properties when dry and compara- 
tively high resistance to hydrocarbons, and is nonflammable, Casein plastic is resist- 
ant to weak acids but decomposes upon exposure to allcalies. 
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TABLE 1. Physical Properties of Casein and Other Plastics. 














Compres- Flexural Modulus 
sive Tensile strength, Tmpaet, of 
wlnergth see ey wreqenn wao0 he? Brinell Specific Water 
Plastic th,/sq.in, Ub. /sq.in. again. sq.in. sq.in. hardness gravity absorption 

Casein 40 10.0 If 1,000 5+ 23.0 1,35 10.50 
Acctate 23.5 6.6 11.8 1.600 2.1 1.5 1.82 4,50 
Acrylic 15 7.0 15.0 0,350 4.0 21.5 Ets 0,40 
Nylon 15 9.8 12.0 0. 500 1.5 — 1.15 1.50 
Phenolic casting 17 6.0 ~ 0.350 15 15.9 1.32 1.30 
Phenolic Jaminate 35 18.5 16.5 1, 100 13.5 32.0 1.88 1.30 
Phenolic molding® 27 5 8.5 10.0 0.320 9.6 37.5 1.86 0.80 
Shellac 13.5 1.5 _ 2.700 5.5 -— 1.90 0.10 
Styrene 1.38 6.5 9.0 0.350 3.3 25.0 1.05 0.00 
Hard rubber 10 7.0 12.5 0.500 5.3 31.0 1.46 0.02 
Urea “ 9.5 (1.5 0.30 13.5 51.0 L.48 1.88 





“ Per cont by weight after tmmersion for 24 hr. 
* Wood flour filler. 


Manufacture 


The main rw material for casein plasties is casein of rennet grade (3), which is 
precipitated from skim milk by the enzyme rennin. Acid-eurded casein is not suitable 
for casein plastic. Rennet casein is produced primarily for casein plasties, and is wade 
in a& number of countries. At the present time both domestic and foreign sources 
supply the U.S. recuirements. Much attention is paid to the quality of rennet casein, 
especially with respect to its moisture, ash, and fat contents (see Vol. 3, p, 233). It 
must also be an exceptioually clean grade. The grind is usually specified as 40-mesh, 
with o maximunn set ou fine particles; otherwise, there would be a tendency for lump 
formation upon the addition of the plasticizer, 

Water is the most commouly used plasticizer. Tt is added in amounts which 
vary depending upen the grade of casein used, whether or not other plasticizers are 
included, and the forming process to be applied. Rennet casein having a normal 
moisture content of about 10% is readily extrudable when 100 parts are wetted with 
20 parts of water, but more water is sometines required. However, the casein is 
never wetted to a point beyond an essentially dry condition which minimizes the for- 
mation of lumps. The modern process of making casein plastic is kuown as the dry 
process, The water may contain other ingredients cither in solution or suspension, 
such as lithopone or titanimn pigments and fillers for opaque grades, pigments and 
water-soluble dyes, alum to preharden the blank, tale to give pearl effects, and carbon- 
‘ates to give porosity. Other plasticizers (¢.v.), such as glycerol or tricresyl phosphate, 
if used, are subsequently added to the water. As in plastics manufacture in general, 
close specifications are set up for each of the ingredients, and successful production of 
casein plastics is in no suull degree dependent upon the selection of pure and uniform 
grades of raw materials. ‘The water must be frec from iron salts and low in hardness. 

The comparatively refractory nature of the casctn particle and tts requirement for 
water to soften necessitate a working period under high stresses before forming, a 
combination of requirements which is supplied by the extrnding machine. Since 
casein is uot truly thermoplastic and lacks the flow properties of thermosetting resins, 
casein does not lend itself to the relatively fast cycles of compression or injection 
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molding, a fact which forces a severe lanitation upon the shapes to which the protein 
“un be economically formed. The curing process for casein plastie involves a post- 
treatanent with formaldehyde followed by drying; these operations cannot take place 
in the short periods of time allowed in the usual inolding machines. 

For miving the standard equipment is a dough-type mixer, which imparts 4 some- 
what. intensive kneading action to the wet cusein and agitutes every part of the hatch 
to avoid the formation of limps. If lmups form they nrust be screened out before 
extrusion, A storage period of several hours after mixing is desirable to allow further 
dispersion of the moisture throughout the casein. 

The wetted but still granular casein is then fed into a hopper which leads tuto the 
rear end of the exérusion machine. Falling upon a continuous serew, the casein is 
gradually forced into the chamber in buck of the die or nozzle. This areca of the ex- 
trader is kept cooled with jacketed running water, hecause the intensive working in this 
compartinent creates considerable heat and could bum the casein if unchecked. Tu 
an extruding machine of normal size, the casein travels with this screw for a distance 
of about 18 in. to the hack of the die, gradually heating up and softening. The die 
is electrically heated to 240-260°F, to further soften the casein aud permit it to issue in 
a circle of rods or as a single rod of diameter | to 2 im., depending upon the die used. 
The rods are allowed to cool if the product is to be marketed as rods or ewt into button 
blanks. Thus, in this operation the casein is softened by water and heat in a confined 
space for a period of several minutes. This operation serves to coalesce the particles 
and orient the molecules, and the extent to which it occurs determines the ultimate 
strength of the formed article. 

If sheets are to be formed, the freshly extruded rods are laid out between metal 
‘als in sueh u way that pressure and heat will unite them into one sheet, usually 
16 X 20 in. and standardized at thicknesses of 2, 3, 4, or 6 mm. The presses are 
multiple-platen, hydraulically operated, and exert a pressure of about 1 ton/sq.in. 
The platens are steam-heated and fitted with means for water cooling to permit the 
sheets to be cooled before removal, 

Double extruders are in use which have the advantage of permitting the feeding 
of two batches of casein of different colors, thus giving a mottled effect or definite 
color distribution to the rod. Such patterns in the rod result in unusual and beautiful 

color swirls iu the sheet. 

After cooling, the sheets and rods are stiff enough to he placed in formaldehyde 
solution of 4-6% strength for curing (hardening). Only the thinner sheets and rods 
of the smaller diameter are so processed, because the penetration and. action of the form-~ 
aldehyde on the protein require long periods of time. Normally the curing periods 
for sheets and rods currently being made are from 1 to6 months. The formaldehyde is 
maintained at a temperature of 65°F., and the concentration is maintained. The 
formaldehyde is circulated around the pieces by pumping. 

. After the sheets are removed front the formaldehyde bath, they ave dried and then 
straightened in hot presses. After cooling in the press, they are flat and ready for 
the market. Rods are usually not straightened but are turned to an exact dimension 
before shipping. 

By virtue of the prehardeuing action of alum, which is added, to the water Gee p. 
222), thin blanks ean be cut from rods after extrusion to form button blanks which 
are hard enough to machine and drill and then harden by immersion in formaldehyde 
for only afew days, The button operation is concluded by polishing and glazing treat- 
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mens, Which involve tumbling of the hardened buttons in wet pumice and then in 
dry wax or treatment with sodiuu hypochlorite solution to impart a permanent glaze. 

Recently chemists at the Hastern Regioual Research Laboratory of the U.S. 
Departiuent of Agriculture have shown iniprovement in molding qualities of casein by 
treatment with potasshim cyanate to convert the casein to carbamidocasein (9). 
Molded specimens of acylated casein were found to have au improved resistance to 
moisture absorption (8). 


Keonomic Aspects 


There are in the U.S, about 15 companies using casein plasties regularly for the 
production of consumer articles, although the industry is small in tonnage of product. 
The competition in button manufacture is with cellulose acetate and urea-formal- 
dehyde resins. About 5,000,000 Ib. of rennet casein is converted anuually in the U.S, 
into plastics, a figure which is less than 5% of the production of the important phenolics. 
The greater part of the rennet casein production goes into buttons, which are made by 
the millions, leaving but » small amount of rods and sheets for processing. Rods 
and sheets are used more extensively in Kurope, where the main product is combs, 
than in the U.S. 


Proteins as Modifiers for Other Plastics 


Proteins have been inuch investigated as ingredicnts m both the phenolic and urea 
types of thermosetting resins (7). ‘If they are included in moderation and if procedural 
changes to accommodate the properties peculiar to the protein are made, certain tm- 
provements in the resulting molded plastie are claiined: primarily reduced brittleness, 
greater toughness, increased teruperature resistance, and better oil resistance. In 
the coating field the inclusion of protein (casein) is claimed to improve luster. Casein 
is soluble in both hot phenol ancl urea, and, therefore, the procedure is to dissolve the 
casein in either of these and follow with the formaldehyde treatment. Other 
proteius which have been patented for this purpose include aninal glue, egg albumen, 
bload albumin, zein, and gelatin. 

A special modification of thermosetting resins in their water-soluble stage with 
casein as partial replacement for either phenol or urea in:proves the water dilutability. - 
At the same time, any inclusion of protein decreases to a proportionate degree the water 
resistance of the finally cured resin. The possibilities of proteins for these purposes 
were disclosed during the early years of the development of the synthetic plastics but 
have not yet been put to commercial use to any great extent. 

Other proteins that have been used with phenols and aldehydes in producing plas- 
tics include blood serum of cattle (16), gelatin (17), yeast protein (18), and hydrolyzed 
leather scrap (15). 

Blends of proteins with alkyd resins have also been prepared (10), 


‘Protein Films and Adhesives 


Casein as well as other proteins readily produces films from alkaline water solu- 
tions or from water and alcohol solutions, Unless plasticized, these films are-very 
brittle in dry atmosphere, improving in flexibility with increasing absorption of mois- 
ture. This moisture effect is reversible. Formaldehyde treatment of the film or 
inclusion in the solution of metallic salts which promote hardening removes this 
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sensitivity to moisture. The commercial production of proteins for filins, binders, 
or adhesives is universally accompanied by some such waterproofing treatment. 

Proteins are not of commercial importance as unsupported films largely because 
of the difficulties of plasticizing effectively, and because of their susceptibility to at- 
tack by microorganisms. However, unsupported films have been east from plasticized 
zein (q.v.) (18), On the other hand, as coatings cn paper, leather, and wood, proteins, 
particularly casein, isolated soy protein, 2nd animal glue, are useful. The clay coating 
of paper is commonly done with casein or other protein as the binder or adhesive for 
the clay particles (see Vol. 9, p. 846), and proteins are one of the preferred coating 
materials for leather in the application of the finishes. 

A special fibrin film foruse in brain surgery is prepared froin fibrinogen obtained 
from blood plasma (see Vol. 2, p. 565). Fibrin foam, prepared from the sume source, 
and absorbable gelatin sponge are important hemostatics (q.v.). 

Proteins assume their greatest importance in industrial fields as adhesives (¢.7.). 
The water-resistant protein glues of ecommerce ure casein products (4). Blood al- 
bumin imparts water resistance to glues made from the seedmeals. The animal glues 
from hides, bone, or fish scrap (see Vol. 7, p. 207) are of considerable importance where 
water-resistance of the glued joint is not required. Proteius also play a part in the 
formulation of adhesives of the water dispersion or enulsion type, particularly in the 
latex adhesives where the protein serves the purpose of a stabilizer, preventing coagu- 
lation of the latex in storage or on application, A procedure has beet developed for 
extending phenolic resin plywood glues with either corn ghiten or soybean meal (2), 
Wheat gluten has been examined as a protein for industrial possibilities in adhesives 
and as a fiber (1-4), 
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PROTEINS 


The term protein covers what is probably the largest and most widely diversified 
group of complex nitrogenous organic substances known. Jn spite of this diversity, 
however, the fundatnental units front which their molecules are constructed are rela- 
tively simple organic substances known as a-amino acids (qe). These are combined 
with each other in the protein hy means of substituted amide bonds, R--CO-—-NH—R’, 
which are referred 40 as peptide bonds. The sinplest possible model substance which 
illustrates this fom of combination is the dipeptide glycylglycine, the structure of 
which is NH»—CH,—CO-—-NH-—-CH,—COOH. Additional amino acid units may be 
added at either end of such a structure to yield a series:of polypeptides of increasing 
complexity, and many such model substances have been prepared. However, no 
synthetic model has yet been obtained which approaches éven remotely the complexity 
of even the simplest native protein. See also Polyamides; Protein hydrolyzates. 

Proteins are found in every living cell, whether of plant or of animal origin, and 
itis often stated that proteins are the characteristic organic substances of the life proc- 
ess. This is an oversimplifivation, for life, as defined in terms of the capacity to 
respire and to reproduce, is observed only in systems that contain many compouents 
other than proteins, such as carbohydrates (q.v.), lipides (q.v.), nucleic acids (q.0.), 
organic acids (see Fatty acids), mineral salts, and doubtless a wide assortment of other 
substances together with a large proportion of water. Nevertheless, it is true that 
life has never been observed in the absence of protcin components of the living system, 

The word “protein” is derived from the Greek udjective prote‘os, meaning of the 
first rank or importance. The term was suggested hy the great Swedish chenist, 
Berzelius, in a personal letter written on July 10, 1838, to the Dutch chemist Mulder, 
as a suitable name to apply to these substunces in view of their fundamental impor- 
tance in animal nutrition. Mulder at once adopted this suggestion and the word ap- 
peared in print for the first time in an obscure Dutch jonrnal in the issue of Juty 30, 
1838 (7). Although originally employed in a rather restricted sense, ifs meaning was 
goon broadened to cover this entire class of substances. 

Tt seems certain that every living cell nrust contain a greal many different, protein 
components, for the chemical reactions that are characteristic of the life process are 
catalyzed by enzynies (¢.v.), aud euzymes are proteins. Furthermore, enzymes, when 
isolated from the cell, are extremely specific with respect to the chemical reactions 
that they catalyze. When one considers the wide variety of chemical reactions which 
must occur in the cell during growth, and that each reaction is presumably under the 
calalytic control of a specific enzyme, it seems clear that the number of enzymes— 
that is to say, the number of different kinds of proteins present: in every cell—miust 
he very large. Nevertheless, many tissues when subjected to properly designed extrac- 
tion processes yield preparations whose properties indicate that one or ouly a few 
demoustrably different proteins account for a considerable part of the protein nitrogen 
of the cells. Muscle tissue, for example, yields a large proportion of the protein 
inyosin, well-made preparations of which conforni to atleast some of the criteria for 
chemical homogeneity. Many plant seeds yield characteristic globulins (for example, 
legumin of peas, edestin of hempseed), and a considerable number of these have been 
obtained in crystalline form in yields which indicate that the globulin is the predom- 
inant protein of the storage tissue of the seed. However, in all cases that have been 
adequately studied, it has been found to be impossible to account for more than a frac- 
tion (although a fairly large fraction under favorable circumstances) of the total tissue 
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protein in terms of separately isolated and chemically distinguishable protein sub- 
stances, the preparations of which conform to the usual tests for chemical homogeneity. 

In addition to what must. be a vust number of intracellular proteins, proteins are 
present in the blood or hemolymph of all animal species, in the milk of mamuinals (the 
¢asein, lactalbumin, and @-lactoglobulin of eow’s milk ave three of the best-known ex- 
amples), in lauph and in gland secretions and tissue exudates of all kinds, in eggs (the 
ovalbiunin of hen’s eggs is the best-known egg protein), and in the (hiids and saps of 
plants. An extremely important group of highly insoluble and chemically somewhat 
unreactive proteins are the keratins, which are the main protein components of such 
tissues as hair, hom, nails and claws, scales, feathers, and certain layers of the skin of 
animals. Similar to the keratins in insolubility but widely different in chemical eom- 
position and in many other properties are the silfs (q.v.) of immumerable insect. species 
and of spiders. IXeratins and silks are, however, found only in the animal kingdom; 
along the plants, fibers and protective coverings ustially cousist of complex substances 
of the carbohydrate type, of which cellulose (7.v.) is an outstanding example. 

Before analytical methods for the determination of amino acids were developed, 
beginning at the turn of the 20th century, it was customary to attempt to churacterize 
proteins isolated froin plant or animal tissues hy means of ultimate analysis for carbon, 
hydrogen, nitrogen, sulfur, and oxygen. The results were of little assistance, for pro- 
teins are remarkably similar to cach other in elementary composition. A table given 
by Osborne (9) shows that the carbon coutent of highly purified specimens of proteins 
ranges from 52 to 55%, the hydrogen content from 6.7 to 7.8% and the nitrogen cou- 
tent from 15.5 to 19.38%. The sulfur content varies proportionally over a far wider 
range, being as low as 0.89% in hemaglobin (horse) and as high as 1.9% in serum al- 
bumin (horse), The stifur content of many of the keratins is even higher, wool (y.0.), 
for example, containing 4:50%, Mulder, more than a century ago, was probably the 
first to attempt to compute entpirical formulas for protetus and was able to show that 
these substances are obviously extremely complex. Even today, when it is possible 
to write empirical formulas which are approxiinately eorrect for a few thoroughly 
analyzed proteins, the results convey little meaning, For example, B-lactoglobulin, 
one of the proteins of cow's inilk, aecording to Brane and co-workers (1), contains, per 
molecwe (assinied molecular weight 42,029), 1868 atoms of carbon, 3010 atoms of 
hydrogen, 468 atoms of nitrogen, 21 atoms of sulfur, and 583 atoms of oxygen. Thisis 
one of the simpler proteins, for the molecular weights of these substances range up- 
wards into the millions, ultimately reaching a point at which the concept of a definite 
miolecule beging to lose meaning, 

The lower limit of molecular weight which a substance may have and still possess 
‘the properties associated with the term protein is not at all clearly defined. One of 
the most thoroughly investigated proteins is meulin (q.v.), & protein hormone liberated 
by the pancreas, which controls the rate of oxidation of sugar in the animal body. 
Under certain conditions this substance has a molecular weight of approximately 
12,000, although evidence has been obtained that association to yield species of three 
or four times this molecular weight may oceur. However this may be, there are several 
proteins, such as ribonuclease, lysozyine, and cytochrome c¢, the molecular weights of 
which are reported to be in the range from 12,900 to 16,000, and these appear to be the 
simplest true proteins known at the present time. 


228 PROTEINS 


General Properties 


The proteins eomprise so large and diversified a group of substances that there are 
few properties which are possessed by all of its members. ‘Their outstanding chemical 
property is that, on complete decomposition by treatment with hot acids (6 N or 
stronger) or hot alkali, or at the proper pH with proteolytic enzymes (sce Vol. 5, pp. 
744, 758), 2 mixture of a-amino acids is produced, About twenty-five of these sub- 
stances have been demonstrated as products of the hydrolysis of one protein or another 
and any individual protem may be expected to yield about eighteen of them (see pp. 
236, 237). However, proteins differ widely in the relative proportions of the individ- 
ual amino acids they yield, and one of the most unportant aspects of the analytical 
chemistry of proteins is the determination of their composition in terms of the amino 
acids which are liberated on complete hydrolysis. The solution of the analytical prob- 
lem involved has engaged the attention of many chemists beginning with Albrecht 
Kossel and Emil Fischer at the turn of the 20th century, and complete amino acid 
analyses of proteins have hecoine possible only in recent years. The first amino acid 
analysis of a protein in which all of the nitrogen of the protein was accounted for was 
that of @-lactoglobulin by Brand and his collaborators and was published in 1945 (1). 

The fact that a preparation of a substance of unknown chemical nature on hydrol- 
ysis yields a mixture of amino acids in sufficient quantity to aecount for all or nearly 
all of its nitrogen would be acceptable evidence that the substance is either a complex 
polypeptide or a protein, The decision between these two possibilities would depend 
upon some suitable estimate of the molecular weight, such as 4 measurement of the 
osmotic pressure or sedimentation constant (see p. 242). If the molecular weight 
were of the order of at most a few thousand, and especially if qualitative determination 
of the amino acid composition showed that there were inany fewer than eighteen amino 
acid components, the substance would probably he classified as a complex polypeptide; 
otherwise it would be recognized as a protem. 

There are a number of direct. chemical tests for the presence of proteins iu a solu- 
tion, The commonest classical tests are the formation of an insoluble precipitate if 
the solution is heated at approximately neutral pH, and a positive biuret reaction when 
a trace of copper salt and strong alkali are added to the cold solution. 

The formulation of a coagulum on heating the solution depends upon the property 
cominon to most soluble proteins of becoming denatured at a moderately definite tem- 
perature in the range between about 60 and 100°C, The exact nature of the change 
is not fully understood, but is generally agreed to represent o rearrangement of the 
fundamental structure of the molecule. The groups which by their interaction with 
the components of the solvent endow the native protein with solubility become no 
longer available for such interaction and the protein thereupon precipitates. One of 
the more important chemical changes which is known to occur is the liberation of 
mercapto (thiol) groups, SH, in a form which will react with suitable reagents, Anin- 
crease in the quantity of mercapto groups present is thus evidence of incipient or com- 
plete denaturation. 

The biuret dest indicates the presence the peptide bond, R-—CO—NH—R’. 
It is given by a number of stmple compounds such as biuret, NH_>CONHCONHE, (see 
Urea), and asparagine, NH,COCH,CH(NH2)COOH, as well as by a few dipeptides, 
most tripeptides, and all higher polypeptides, and by soluble proteins. ‘The reaction 
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depends upon the formation of a complex violet-colured compound of copper in which 
the peptide bond is involved. 

Most of the other conventional color tests employed for the demonstration of the 
presence of a protein are specific tests for the characteristic chemical groups of certain 
amino acids. The red color produced with the Millon reayent (prepared by dissolving 
mercury in two parts by weight of concentrated nitric acid and diluting with tavo 
vohunes of water) is a test for u phenolic hydroxyl group and is given by the amino 
acid tyrosine and by all proteins that contain tyrosine radicals. There are many color 
tests that detect the indole nucleus whether in tryptophan or in a protein that contains 
thisaming acid. Sinilarly, there are tests for mercapto groups, which are present in cys- 
teme and in denatured proteins, for the imidazolyl group of histidine, for the guani- 
dino group of arginine, and so forth. A substance which responds positively to all of 
these color tests is almost certainly a protein. . 

Although proteins vary considerably in chemical stability, none of them, with the 
possible exception of the keratius, silks, and connective tissue proteins, can withstand 
exposure to hot water for any extended period of time. The soluble proteins are, as a 
rule, moderately stable im solutions in the range pH 4-8 at ordinary temperatures, 
especially in the presence of a small proportion of inorganic salt, but obscure chemical 
changes may occur if these pH limits are exceeded. The final expression of these 
changes is irreversible denaturation and loss of solubility. Mixtures of proteins to- 
gether with the salts and simpler organic substances found in extracts from tissues are 
more stable with respect to temperature and pH than purified proteins themselves; 
because of this, it is good practice to conduct fractionation procedures upon such ex- 
tracts at low temperatures, preferably close to the freezing point. Acid or atkaline 
reagents must he added to protein solutions at high dilution, preferably as buffered solu- 
tions and with efficient stirring, although violent stirring which involves the incorpora- 
tion of bubbles of air must be avoided because of the danger of surface denaturation. 
The unbalanced physical forces at an air-water interface cause the protein to spread on 
the aqueous surface, usually in the denatured condition (for example, beaten white of 
egg). 

Dry preparations of proteins can be obtained by drying in high vacuum from the 
frozen state, and are moderately stable. However, the removal of water from a pre- 
cipitate of native protein by the use of graded strengths of aleohol followed by ether— 
the classical technique for the dehydration of proteins—rarely yields a preparation 
whieh is entirely widenatured, oS 

When proteins are exposed under suitable conditions to the necessary reagents, 
chemical modifications of reactive growps can be brought about. Proteins can be 
deaminated with nitrous acid, esterified with alcohols, or halogenated, and various 
condensation reactions ean be effected, However, it is extremely doubtful that the 
fundamental molecular structure of the native protein survives such reactious un- 
changed. ‘The redistribution of electrical charges upon the molecule may be expected 
to result in rearrangement of the structure, ‘The effects of all such treatments are 
irreversible. 

Proteins contain both free carboxyl groups and free basic groups, and are there- 
fore amphoteric electrolytes, soluble both in dihute acid and in dilute alkali.’ The kera- 
ting and the silks may require fairly high concentrations of such reagents for solution 
and it is usually impossible with these substances to draw the line between true solu- 


230 PROTEINS 


bility as a salt and solubility owing Lo incipient decomposition with fiheration of fur- 
ther reaclive groups. 

Carefully condneted ditrations of solutions of proteins furnish curves from which 
inferences can be drawn with respect to the number and the nature of the acid- and 
base-binding groups present, (see Fig. 1; see also p. 244). Correlations between such 
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data and the results of direct amino acid analysis are often complete and show that the 
base-hinding, properties are due to the presence of the radicals of the dicarboxylic 
anino acids (aspartic and glutamic acids) and, at a more alkaline pH, to the phenolic 
hydroxy! groups of tyrosine. However, the base-binding capacity is never exactly 
equivalent to the proportions of aspartic and glutamic acids present as radicals in the 
protein, but the deficit: can usually be accurately accounted for in terms of the ammonia 
nitrogen that is liberated from the profein on hydrolysis by dilute acid. Tnasmuch as 
the stability of the groups that liberate ammonia is precisely that to be expected of the 
snide groups of asparagine and glutamine, it is inferred that a part of the aspartic 
and ghitamic acids found after complete hydrolysis of the proteins is combined in the 
original molecule in the forns, respectively, of asparagine and glutamine. Convincing 
proof of the validity of this hypothesis hay been obtained by the isolation of a small pro- 
portion of asparagine from the hempseed globulin edestin and of ghitamine from the 
wheat protein gliadin, 

The acid-binding properties of a number of proteins have beeu shown to arise 
from the presence of amino groups (partially or, in some cases, all present in the radicals 
of lysine) together with the basic radicals of arginine and histidine. The maxinal 
acid-binding capacity is equivalent to the sum of these radicals. Like the free car- 
boxyl groups of a part of the dicarboxylic amino acids, the basic groups are therefore 
free or at Jeast available for reaction with other components of the solvent in which the 
protein is dissolved. 

Tnasnuch as protein molecules in acid solution bear a net positive charge and in 
alkaline solution a net negative charge, for each protein there is an intermediate pH 
at which the net charge is zero since the molecule carries equal numbers of positive 
and negative charges. The pH at which this occurs is known as the dsotonde point. 
If the protein molecule binds no ious other than protons, as is the case when no in- 
organic ions are present, this point is also the dsoelectrie porn, thatis, the pH at which 
it will not migrate in an elecirie Held. I, however, other ions are bound, the isaioni« 
ud the isoelectric potuts will be at somewhat different, bH yalues. In practice, the 
difference is nsually small und no distinction is drawn between these two points. 

The isoelectric point of proteins in most cases falls within the pH range 4-7, but 
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proteins which contain unusually high proportions of base-binding groups may have a 
more acid isoelectric puint, and, correspondingly, those which contain high proper- 
tions of acid-binding groups may become isoelectric at a more alkaline pH. The iso- 
electric point is an unportant physical constant of each protein. Tt is usually the point 
of mininium solubility. 

As with the chemical properties of proteins, it is unpossible to generalize widely 
with respect to their physical properties. Their solubility in water ranges from that 
of the albuimnins, some of which liquefy when a sinall proportion of water is added to 
an anhydrous neutral preparation, to that of the keratins and silks, whieh are in- 
soluble in all neutral solveuts and probably cannot be dissolved in any solvent without 
at least incipient chemical change. Proteins in the dry form decompose without 
tnelting when heated and they possess uo measurable vapor pressure. Such prepara- 
tions are usually extremely hygroscopic, so that unusual precautions must be taken 
when it is necessary to weigh them. Preparations exposed to air at the normal range 
of relative humidity come into approximate equilibrium when they have absorbed 
5~10% of moisture, and under these cireumstances they cai be handled without special 
precautions. 

Although most proteins are known only in the amorphous condition, it has been 
possible to prepare a large wumber of hemoglohins, albumins, and globulins in crystal- 
line form. ‘The capacity to separate from solution in crystalline form under proper 
conditions appears to bear no relationship to molecular size. Ribomuclease end in- 
sulin, two of the smallest protein molecules, are easily obtained crystalline, as is also 
tobacco mosaic virus protem, one of the largest. Although many crystal habits are 
seen, 2 Surprising number of proteins, especially seed globulins, crystallize in the regular 
systern, often in octahedra or relatecl forms. 


Classification 


The traditional classification of the proteins divides these substances into two 
major groups, the so-called simple proteins and the conjugated proteins, on the basis of 
chemical composition. The simple protcins on complete hydrolysis yield e-amino 
acids exclusively, whereas the conjugated proteins yield, in addition to amino acids, a 
substance of some other kind which is oflen referred ta as the prosthetic group. In 
certain cases such as the hemoglobins of mammalian blood, which ave frequently 
classified as chromoproteins, the other substance is hemin, an iron tetrapyrrole de- 
rivative of well-known constitution (see Pyrrole). In other cases, the conjugate may 
be a simple or, more commonly, a complex carbohydrate which often meludes one or 
more amino sugars in its composition. The exact composition of few of these con- 
jugutes is known. Conjugated proteins which yield high proportions of carbohydrate 
are often referred to os mucoproteins whereas those whieh yield low proportions are 
designated glycoproteins. In still other causes, the conjugated protem, after de- 
naturation by treatment, for example, with alcohol, yields from a small to a sub- 
stantial proportion of complex lipides, some of which may contain phosphorus. A 
well-known protein of this type is the vitellin (ovovitellm) of hen’s egg yolk. Lipo- 
proteins are known to be present in considerable proportions in the blood of mammals, 
and there is reasou to believe that the ellorophyll (qv.) of green leaves is combined 
with protein in the plastids of the eclls of the leaf to form complexes that may possibly 
be classified in this group. The lipoproteins ave thus substances of immense impor 
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tance and widest distribution, although present knowledge of the group is far from 
satisfactory. 

Still other forms of conjugated proteins are recognized, the simplest being perhaps 
the phosphoproteins, such as casein (q.0.) of milk, in which phosphoric acid is linked 
presumably as an ester to the hydroxyl groups of hydroxy amino acids. Far more 
complex are Lhe nucleoproteins, which are thought to be saltlike compounds of proteins 
and nucleic acid (¢.v.). Such proteins are found m the nuclei of all living cells. An- 
other outstanding exumple of this type of protein is furnished by the viruses (see 
Serums avd serology), 

The classification of the so-called simple protcins upon a Jogical chemical basis has 
not hitherto been possible and, for want of a better means, these proteins have been 
divided into groups on the basis of solubility. A scheme introduced in the early years 
af the 20th century defines albumins ays proteins that are soluble in water at neutral 
pH, and globulins as proteins that are nearly insoluble im water at neutral pH but are 
readily soluble in dilute solutions of neutral salts (sec also p. 234). A third class, 
glutelins, are insoluble at their isoelectric points in either water or salt solutidn but are 
reaclily soluble in dilute acid or alkali. Typical representatives of this class of protein 
are found in the seeds of cereals (q.v.), for example, the ghienin of wheat flour, but a 
denatured albumin or globulin has essentially the same properties with respect to 
solubility. A fourth class, also found in cereal seeds, comprises the prolamins, such as 
gliadin of wheat and zein (q.v.) of corn, which are insoluble in neutral aqueous solvents 
but ave readily soluble in dilute or even fairly strong alcohol. The insoluble keratins 
and sills form still another class of the simple proteims which is sometimes referred to 
ag the albumineids. Under this term are also included the insoluble collagens of 
tendon, hide, and bone, and the elastin of ligament tissue. Still another class is the 
histones, which are found in certam animal! tissues; these are soluble in water but in- 
soluble in dihite ammonia. This group is extremely vaguely characterized; the early 
literature defined them as basic proteins of the solubility mentioned, but if the globin 
of hemoglobin is a typical example, as is sometimes stated, there are many authentic 
vegetable globulins that are equally rich in basic amino acids, Reorganization and re- 
definition of this group of proteins is badly needed. ; 

A final group of simple proteins comprises the protamines, which are basic sub- 
stances found im combination with nucleic acid in the sperm of fish. They are solu- 
ble in water, behave as precipitants of other soluble proteins, and yield high propor- 
tions of basic amino acids (arginine, lysine, or histidine) on hydrolysis. As a rule, 
only a small number of different monoamino acids are found in addition to the bases. 
The simplest of the protamines, salmine, clupeine, and scombrine, yield only arginine 
und a few monoamino acids; more complex protamimes such as sturine yield all three 
basic amino acids together with monoamino acids. The molecular weight is thought 
to be appreciably less than that of the smallest true proteins and protamines are often 
considered to he complex polypeptides rather than proteins. A number of protamines 
have recently come into use in medicine. For example, a compound of insulin with 
protamine is used mn diabetes and has the effect of prolonging the period during which 
the injected drug is effective (see Vol. 7, p. 940). 

As an instance of the unsatisfactory nature of the traditional classification of pro- 
teins, the case of ovallwmin (hen's egg white) may be mentioned. This protein con- 
forms in solubility to the definition of an albumin and is commonly cited as a typical 
example of this class. Nevertheless, highly purified samples of ovalbumin contain 
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about 0.1% of phosphorus, presumably Imked as phosphoric acid, and, accordingly, 
ovalbumin is a phosphoprotein. To make the situation even more confusing, on com- 
plete enzymic hydrolysis, ovalbumin yields 3.65% of a polysaccharide which has a 
molecular weight of about 1200 and consists of four molecules of mannose and two of 
glicosamine together with another unidentified nitrogenous component. Ovalbumin 
is therefore a typical conjugated protein of the glycoprotein type. 


Solubility 


Far more is known about the solubility relationships of the albumins and globulins 
than of any other of the groups of so-called simple proteins, Proteins oecur in nature 
in complex mixtures of many components and the isolation of auy one component in a 
state of even approximate purity isa problem of the greatest difficulty. Much progress 
has been made im recent years, especially in the fractionation of the components of’ 
blood plasma by Cohn and his associates, through the application of strict physico- 
chemical principles. The solubility of any one component is Influenced by the pres- 
ence of other protem components owing to the possibility of interaction (such as salt or 
complex formation) amoung them. In addition, solubility is tufluenced by pH, by the 
concentration of salt present, and by the temperature. In aqueous solutions, there- 
fore, the solubility is a function of four variables which are under experimental con- 
trol. The classical techniques for the separation of single protein components mvolverl 
in most cases the procedure known as salting owf. To a solution of the mixture of pro- 
teins at a suitable pH and temperature, increasing quantities of 2 neutral salt such os 
ammonium sulfate were added watil a precipitate separated: ‘This was removed and 
further additions of salt allowed the separation of successive fractions, which were 
purified by being separately redissolved and-reprecipitated between appropriate con- 
centrations of the salt. The fractions were finally freed from salt by dialysis and thus 
obtained im solution. However, the next step—obtaining the protein fraction in 
undenatured condition as a dry solid preparation—offered many experimental diffi- 
culties until the technique of drying in high vacuum from the frozen state was devel- 
oped in recent years (see Vol. 5, p. 258). 

Salting out of proteins, like salting out of simpler substances such as dyes or even 
gases, depends Jargely upon the volume of water displaced rather than upou the 
specific forces that determime the interactions between proteins and electrolytes at 
low ionic strengths. At high salt concentrations, these specific forces are masked. 
Accordingly, a search was made for a means whereby the solubility of the protem 
mixture as a whole might be diminished over a wide range, so that the solubility of 
individual components would become a function of the specific interactions with the 
salt at low ionic strengths. Tt was found that this could be accomplished by the addi- 
tion of miscible organic Nquids of low dielectric constant such as ethyl alechol or ace- 
tone. Provided that the temperature was maimtained at —5°C., even such easily de- 
natured proteins as egg albumin could be kept in solution for many weeks unchanged in 
properties (5). A fifth independently controllable variable, the dielectric constant of 
the solvent, could thus be added to the system of variables which determines the 
solubility of any component. It was found possible to balance the precipitating 
action of the organic liquid against the solvent action of the salt present in the system 
so that the solubility of an individual component or group of similar components would 
remain constant over a wide range of conditions. In general, the solvent effect upon 
some other component would be different, so that conditions could be set up such that 
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satisfactory separations could be made. By judicious control of the five independent 
variables, Cohn and his collaborators (2) have developed a system ustug ethyl alcohol 
for the fractionation of blood plasma by means of which many of the indivicual pro- 
teins can be isolated in purified form (see Blood fractionation). Since World War II, 
the alcohol system for the fractionation of the components of blood plasma has been 
made even more versatile and powerful by the introduction of the nse of heavy metals, 
especially zine, barium, or mercury salts, at certain stages of the fractionation process, 
and it is now being widely applied in the study of other protein mixtures, 

The general solubility relationships of the globulins and albumins can perhaps 
best be grasped from a consideration of the diagram obtained wheu the solubility ex- 
pressed in suitable units is plotted against the salt; concentration of the solution (see 
Fig. 2). The curve fov a typical globulin consists in general of a limb which rises more 


Fig. 2. Relationship between solubility of a 
protein and salt content of the solution (ide- 
alized), (Solubility is plotted on the ordinate in 
sultauble but unspe. ified units. ) 
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or less steeply from the extremely low solubility of the globulin at its isoelectric point 
in pure water to a fairly high value at « moderately low concentration of salt. The 
curve then passes through a rounded maximum and falls away as the concentration of 
the salt is inereased. The rising limb of the curve is called the saliing-in curve, and it 
is in this region of ionic strength that the specific titeractions between the protein and 
the sult whereby the protein is rendered soluble are at. the highest level. The falling 
limb of the curve is called the saléing-ouwt curve, and in this region, as has heen pointed 
out, specific interactions of the proteis arc more or less masked, Iu the early days of 
blood chemistry, globulins weve defined as protems that are precipitated when the 
solution is half saturated with ammonium sulfate. However, blood serum contaius 
additional proteins which are not precipitated until the concentration of ammonium 
sulfate is raised still more and these were defined as pseudoglobulins. Finally, when 
the solution approaches full saturation with the salt, the albuming are precipitated. 
If these carly definitions are considered in relation to the solubility curve just men- 
tioned, it is clear that the solubility of the serum globulins can be deseribed by a group 
of rather similar curves which rise to maxima and then fall away but are all placed 
rather low on the diagram. The solubility of the pscudoglobulins will be described 
by a group of curves of somewhat similar shape but placed higher on the diagram since 
the solubility is higher at low salt concentration and a greater concentration of salt is 
required to precipitate them. No similar curve can be drawn for the solubility of the 
serum albumins in water, since the solubility of the albumins becomes measurable only 
at high salt concentrations and is lov only when saturation of the solution with am- 
monium sulfate is approached. That is to say, only the extreme right-hand end of the 
salting-out curve has real existence in aqueous solvents. If, however, the solubility 
of serum albumin in mixtures of alcohol and water at low temperatures is measured, 
curves are obtained that are identical in general aspect with the solubility curves of 
globulins, and it becomes clear that the classical distinction between albumins and glob- 
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ulins is not one of kind hut one of degree. Elorse hemoglobin furnishes an example 
of a protein whose solubility places it within the vague borderland between albumins 
and globulins. Inasmuch as its solubility is at first increased and then diminished by 
increase In salt concentration, hemoglobm responds to the definition of a globulin; 
inasmueb as it has a considerable solubility at its isoelectric point in water, it responds 
in part at least to the definition of an albumin, and its behavior as the salt concentra- 
tion Increases resembles that of a true albumin in alcohol-water mixtures. 


Hydrolysis 


When proteins ure digested with boiling strong acid or alkali or with cuzymes, 
hydrolysis takes place with the liberation of amino acids. (See also Protein hydroly- 
zales.) For analytical purposes, 6 N hydrochloric acid is usually preferred. The 
rate at which this reaction proceeds depends upon the protein and is usually followed 
by determinations of the ratio of free amino nitrogen to total nitrogen in the solution. 
This ratio reaches a maximum in the ease of keratins in about 8 hours, but most pro- 
teins require a considerably longer time. A period of 2+ hours of boiling has become 
conventional for the complete hydrolysis of most proteins, although even this may be 
insufficient for the decomposition of certain peptide bonds. For refined work, each 
ease should be studied independently. The time can be appreciably shortened if 
hydrolysis is carried out im an autoclave at higher temperatures, but, as the tempera- 
ture is iicreased, so also is the risk of decomposition of some of the less stable amino 
acids. Furthermore, racemization, partial or complete, of some of the amino acids 
becomes an increasimg risk at higher temperatures, a point that has occasionally heen 
inadequately considered by investigators who have employed microbiological methods 
to determine the ammo acids. 

During hydrolysis of the protein with acid, most of the amino acids are stable, but 
tryptophan is completely destroyed and there is dauger of partial destruction of eystine 
and slight destruction of sering and threonme., Cystine undergoes partial racemiza- 
tion even when the temperature is that of boiling acicl at ordinary pressure, and, i 
addition, some decomposition with the liberation of free sulfur and of ammonia may 
occur, The products of the decomposition of the amino acids during hydrolysis 
form black or brown substances some of which ure insoluble and which are grouped 
together under the vague term “humin.” The proportion of humin. produced is also 
greatly influenced by the purity of the preparation of protein taken. If this is con- 
taminated with carbohydrate material, and also if carbohydrates are involved in the 
coustitution of the protein, as is often the case, the proportion of nitrogen that is found 
after hydrolysis as humin nitrogen may be greatly increased. In uufavorable cases, 
the humin nitrogen may exceed 5% of the original protein nitrogen, the losses being 
distributed in an unpredictable and doubtless unever. manner among the several 
amino acids. Accortingly, studies of the ammo acid composition of proteins should 
be couducted on the most highly purified apecimens available. 

Humin formation can be largely avoided or at least diminished if hydrolysis is 
carried out at high dilution of the solution with respect to the concentration of pro- 
tein present at the start. The exclusion of oxygen or the use of reducing conditions 
is also helpful. 

Although hydrochloric acid is the reagent of choice for the preparation of protein 
hydrolyzates for most analytical purposes, since the excess can be removed by distilla- 
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tion, sulfuric acid is often substituted when complete removal of the hydrolyzing agent 
is desirable, This can be accomplished, although with some loss of amino acids by 
adsorption, by nentralization of the hydrolyzate with barium or caleinm hydroxide 
and filtration of the harium or calcium sulfate, Other hydrolyzmg reagents are used 
for certain special purposes. Hydrolysis with sodium hydroxide is carried out when 
determination of tryptophan is required although this amino acid is not entirely stable 
to alkali and also is completely racemized under such conditions. Hydriocie acid has 
been employed when it is desired to establish strong reducing conditions, and mix- 
tures of hydrochloric¢ and formic acids have also been used as well as hydrochloric acid 
for hydrolysis in the presence of metallic tin. Hydrolysis with enzymes is only rarely 
employed when the purpose is to prepare a hydrolyzate for analytical studies, since it 
is difficult if not impossible to bring the decomposition of the protein to completion. 


The Amino Acids Derived from Proteins 


All of the amino acids produced by the hydrolysis of proteins are e-amino acids, 
with the exceptions of proline and hydroxyproline, which are eyelic @-imino acids. 
Accordingly, the four groups that are attached to the asymmetric a-carbon atom are 
fundamentally the same in all these acids. The general formula is RCH (NH2) COOH 
and the several amino acids differ only in the stricture of the racical R.  Glyeime 
(a-aminoacetic acid), the simplest amino acid, is symmetrical since R is hydrogen, 
but all of the other natural amino acids are optically active and, so far as is known at 
present, all of them that have been obtained by the hydrolysis of authentic proteins 
have the same configuration and belong to the u-family, being configurationally re- 
lated to L-glyceraldehyde (L-glycerose) (see Vol. 2, p. 867). However, in recent years a 
number of products of the metabolism of lower organisms, chiefly bacteria, have been 
encountered which have the properties to be anticipated of fairly complex polypeptides, 
aud some of the amino acids obtained after the hydrolysis of these substances have been 
shown to belong to the p-family. Furthermore, some of these proclucts yield amino 
acids such’ as ornithine (a@,é-diaminovaleric acid) or @,y-diaminobutyrie acid, which 
have not as yet been detected among the products of hydrolysis of authentic proteins. 
Disregarding these unusual products of bacterial metabolism, Table I lists, in the order 
of their discovery, the amino acids that have been demonstrated to be yielded by the 
hydrolysis of proteins. A discussion of the circumstances under which demonstration 
of most of these amine acids as structural units of the protein molecule was furnished 
is to be found im a review by Vickery and Schmidt (13). 

Not all of these substances are to be found in the acid hydrolyzates of an indi- 
vidual protein. Asparagine and glutamine, the amides of aspartic and glutamic acids, 
respectively, would be decomposed during the hydrolysis, and these compounds have 
been demonstrated only in carefully prepared enzymic hydrolyzates. Nevertheless, 
they are probably present in peptide combination in all native proteins. Tryptophan, 
is also destroyed during acid hydrolysis but is widely distributed. 

On the other hand, although hydroxyproline occurs in considerable proportions 
in hydrolyzates of gelatin (q.v.) and allied proteins, it is rarely reported elsewhere. 
Hydroxylysine also appears to be restricted in its distribution mainly to gelatin and 
allied substances. 

The halogenated tyrosine derivatives likewise occupy a special position with 
respect to distribution, Diiodotyrosine and dibromotyrosine have beeu isolated from 
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Amino seid Date Envestigator Dute Investigator 

1. Asparagine 1806 Vauquelin and Robiquet 1938L Damodarun 

2. Cystine 1810 Wollaston 1899 Ik. A. Hf. Mérner 

8. Leucine 1819 Proust 1820) Bravonnot 

4. Glycine 1820) Braconnot 1820) Braconnot 

&. Aspartic acid 1827 = Plisson 1868 Ritthausen 

é. Tyrosine 1846 Liebig 1849 Bopp 

7, Alanine 1850) Strecker (synthesis) 18ss Wevl 

&. Valine 1856 -y. Gorup-Besnunes 1901 Fischer 

9, Dibromotyrosine 1863) vy. Gorup-Besiunes (syn- 19130 C. T. Moérner 

thesis) 

10, Serine 1865 Cramer 1865 Cramer 

11, Glutamic acid 1866 Ritthausen 1866 Ritthausen 

12, Phenylalunine 187) Sehulze and Barbieri 1881) Sehulze and Barbieri 
13, Glutamine 1883 Sehulze and Bosshard 1932) Damodaran, Jaaback, and Chib- 

nall 

14, Cysteine 188-4 Baumann 19385 Mirsky aud Anson 
15, Arginme 1886 Arhulze 1805 Hedin 

16. Lysine 1889 Drechsel 1889 Dreehsel 

17. Histidine 1896 TWossel; Uedin 1806 ISossel; Hedin 

18. Diiodotyrosine 1896 Drevhsel 1896 Dreehsel 

19. Proline 1900 Willstiitter (synthesis) 1901 Fischer 

20. Tryptophan 19G1 Hopkins and Cole 1904 Hopkins and Cole 
21. Hydroxyproiine 1902 Fischer 1902 Fischer 
22. Isoleucine 1903 Féhrlich 1903 Ichrlich 

23. a, -Diaminopimelie 1908 Sgrensen (synthesis) 1950) Work 

acid 

24, Thyroxine 1915 Tendall 1915 Iwendall 

25, Methionine 1922) Mueller 1922) Mucller 

26. Threonine 19386 Meyer and Rose 19386 Meyer und Rose 

27, Uydroxylysine 1938 Van Slyke and co-wark- 1988 Van Slyke and co-workers 

ers 





the keratinlike tissue proteins of a number of marine organisms sich as the sponges and 
corals, and diiodotyrosine and thyroxine (see Thyroid preparations) are found im the 
tissue protein of mammalian thyroid gland, but no reports of their uatural oceurreriee 
in other proteins have appeared. a,e-Diaminopimelic acid, HOOCCH (N#H2) (CHe).- 
CH(NH.)COOH, the most recent addition to the list of ammo acids obtaimed from 
proteins, has heen isolated only from the tissue protein of the diphtheria microoganism. 

In addition to the compounds listed in Table I, there are a number of amino acids 
that have been observed in hydrolyazates of the products of bacterial metabolism al- 
ready mentioned. Notable recent additions to this rapidly growig group are sarco- 
sine (N-methylglycine) and N-methylvaline. Theiv significance in the present con- 
nection is that they occur i nature in peptide combination; their significance in rele- 
tion to the proteins remains a subject for future demonstration, 


Amino Acid Composition of Proteins 


The separation and quantitative determination of the amino acids produced by 
the complete hydrolysis of a protein is one of the most difficult problems of analytical 
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chemistry, aud the solution of the problem has been attained only witbin recent years, 
The carly method of JKossel for the basic amino acids and of Fischer for the monoamino 
acids relier| for the most part upon direct isolation aud weighing of the amino acid or of 
a suitable derivative or salt. Begining with the work of Felin in 1912, colorimetric 
methods for many tidividual amino acids were developed and some of these methods 
have been moctified until they give results of high accuracy and precision. The recog- 
nition, some vears ago, that many tidividtuel amino acids are essential for the growth 
of certain acid-forming bacteria led to the development of microbiological techniques 
for the determination of nearly all of the protein amino acids, so that approximately 
complete analyses of individual protems beeame possible for the first time. More 
recently, methods which depend upon elation chromatography (¢.v.) on columns of 
starch or of synthetic resins have beeu developed, and these methods are now replac- 
ing the microbiological methods because of their greater convenience and accuracy. 
Chromatographic analysis ou paper has now also been placed upon a quantitative 
basis, so that the complete amino acid analysis of protelis is today almost 2 matter of 
routine in many laboratories. 

An idea of the improvements m amuytical techniques that have been made during 
very recent years is furnished by the fact that an inadequate and far from accurate 
aualysis of a protein by the methods of Kossel and ef Fischer and their successors 
(Osborne, Dakin, Abderhalden, and many others) required several hundred grams of a 
highly purified preparation. ‘Today, by the elution chromatographic technique of 
Moore aid Stein (6), it is possible to obtain a complete and accurate analysis with ade- 


TABLE Uf. Amino Acid Composition of 8-Lactoglobulin. 

















Pereentage of | ” “Pere entupe ‘of ~ Molecules « of 2 amino ae void per 

Amino ueid antino acid amino seid residue motocule (mol. wt. 42020)0 
Glycine it 1.06 8 
Alanine 6.2 4.95 29 
Valine 5,83 4.93 2} 
Leueine 15.6 13.46 50 
Tsoleucine 8.4 7.25 27 
Proline 4.1 3.46 16 
Phenylalanine 3.54 8.45 ) 
Cysteine L.th 0.04 + 
Half-eystine 2.29 1.95 8 
Methionine 3.22 2.83 )) 
Tryptophan 1b 1.77 t 
Arginine 2.88 2.58 7 
Histidine 1.58 1.40 af 
Lysine 11.4 10.0 33 
Aspartic acid 1.4 9,86 36 
Glutamic acid . 19.5 —_ ~ 
Amide ammonia L231 — — 
Glutamine — 9 84 32 
Free glutamie acid | — 7.19 2-4 
Serine 4,0 Ald 20 
Threonine 5.85 OF 2) 
Tyrosine 3.78 3.40 9 

Totul 116.33 ag, 3 3 370 








a Correct ted to nearest integer, 


» Ineludes correction. of 0.20% for one ul utom per terminal amino group and one OH gr oup per 
terminal carboxyl group, ; 
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quite replications even if less than 25 milligrams of the material ean be used, and ae- 
curate qualitative data can be seeured by the method of paper chromatography of 
Constlen, Cordon, and Marti (3) in one of its more recent modifications (4) from a 
few micrograms. The scope of amino avid analysis as a means for Lhe characterization 
of proteins has thus been enormausly extended in recent years. 

In Table TI are given.the more essential data from Brand's 1945 analysis of 8-lacto- 
globulin (1) us an example of the kind of information that may be derived from a 
complete amino acid analysis of a protein. The first column gives the yields of the 
incividual amino acids expressed as percentages in terms of weight. These wre the 
raw data of the analysis. The figures add to 116.8% because of the water taken up 
by the peptide bonds on hydrolysis. The second column gives the percentage of 
amino acicl residues ‘caleulated from the figures in the first column and these add to 
99.33%, 2 figure which furnishes a measure of the adequacy of the analysis as an ex- 
pression of the composition of the entire protein molecule. Obviously uo significant 
part of the proteiu Cor example, a earbohydrate group) has been overlooked, and no 
amino acid other than those listed (for example, lydroxyproline) cau be expected to 
be subsequently fouud in bydrolyzates of this protein. The last eolumn gives the 
number of molecules of amino acids produced by the hydrolysis of a single molecule 
of 6-lactoglobulin of assumed molecular weight 42,020. These figures are corrected 
to the nearest integer from the figures calculated from the raw data, and the error in- 
volved in this calculation is probably in 10 case more than one or two molecwes. The 
sum is 370 molecules, and it may therefore be inferred that the molecule of @-lactoglob- 
ulin is composed of 870 amino acid units combined with each other in peptide union, 
Inasmuch as the free amino urtrogen of the native protein amounted to + moles, 
it was assumed that there are four peptide chains m the molecular structure. To 
allow for this, 1 correction for one hydrogen atom per terminal amino group and one 
hydroxyl group per terminal carboxyl group, the sum amounting to 0.20%, is included 
in the total of 99.33% of the molecule aecounted for. 

Certain assumptions are involved in the wlocation of the ammonia produced by 
hydrolysis to the amide groups of glutamine in the native protem. In the abseuce of 
analytical methods whereby the free glutamic acid or the glutamine can be determined 
independently (aul the aspartic acid and asparagine also differentiated) it is assumed 
that all of the amide groups of the intact 6-lactoglobulin are combined with glutamic 
acid, Accordingly, the total ghitamic acid, which would account for 56 molecules, is 
arbitrarily subdiviced into 24 molecules of free glutamic acid and 32 molecules of gluta- 
nine. 

From the results of the analysis expressed in chemical wnits, that is, in moles, 
many inferences may be drawn concerning the properties of 8-lactoglobulin. For 
example, there are 48 acid-binding groups, this being the sum of the number of moles 
of arginine, histidine, and lyse together with the free a-amino nitrogen of the 
protein. The total acid-binding capacity as determined by Caiman by direct titra- 
tion of the protein is also 48 proups. The analysis also leads to the assumption that 
the protein contains 64 carboxyl groups available for titration. The actual titration 
gave values in the rauge 60-68. Estimates may be made of the number of polar and 
of nonpolar groups in the protein, of the number of phenolic and of aliphatic hydroxy! 
groups, and so forth. Furthermore, inferences can be drawn from such tables with 
respect to the 1tritive value of the protein (see p. 245). With respect to the intrinsic 
accuracy of these data, it may be pointed out as an example that the sulfur content 
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of the protein, found to be 1.604%, vorresponds with the preseuce of 21 moles of 
sulfur. The sum of the cysteine, half-eystine, and methionine is also 21 moles, so 
that the whole of the sulfur is accounted for. 


Structure of the Protein Molecule 


The Diteh chemist Mulder wag probably the first investigator to concern himself 
with the structure of protems. As the result of his pioneer ultimate analyses of a 
number of preparations and of his attempts to compute empirical formulas, he arrived 
at the conclusion that these substances are compounds of a fundamental complex 

radical with various proportions of sulfur and phosphorus, the radical being identical 
in all of the cases he had studied. It was to this radical that the name ‘‘protein’’? was 
first applied. Further investigation, especially by Liebig and his students, soon 
showed that this conception of the nature of the protein molecule was witenable, and 
the debate which arose between Liebig and Mulder as a result of their differences in 
view became one of the most bitter and prolonged polemics in the history of chemistry, 
Tt served the useful purpose, however, of stimulating interest in these substances and 
led in tine to a fuller appreciation of their complexity. 

Hofmeister aud Fischer, at the turn of the 20th century, independently arrived 
at a hypothesis of the nature of the chemical linkage whereby amino acids are com- 
bined in the native protein, Hofmeister cousidered the various possibilities that could 
be imagined and eliminated, on strictly chemical grounds, all but one of these, the 
substituted amide bond R-—CO—NH—R’. Fischer adopted the synthetic approach 
and showecl how amino acids could be combined one with another by means of substi- 
tuted amide linkages. When it was found that such synthetic model substances: are 
hydrolyzed by proteolytic enzymes, few doubts remained that the peptide bond, as it 
soon came to he called, is the fundamental unit im the structure of the protein, The 
later discavery af a considerable number of dipentides and even more complex pep- 
tides in partial hydrolyzates of proteins, and of a few peptides, notably the tripeptide 
glutathione (y-glutamyleysteinylglycine), m nature has provided direct support for this 
hypothesis. 

Nevertheless, there are serious difficulties involved in the view that the protein 
molecule cousists of a long chain of amino acids combined im peptide mion. Such a 
structure, even if looped or folded, would give a molecule which is long and. threadlike. 
Although there are many proteins, such .as wool fiber and muscle myosin, that have 
many of the physical properties that would be expected of a threadlike molecular 
shape, wnd many proteins, after being denatured, can be prepared in a fibrous form 
(see Protein fibers, synthetic), modern physicochemical methods indicate that the mole- 
cules of soluble proteins often have a shape which ranges from approximately spherical 
to cigar- or spindlelike, the length being from two to teu or more times the thickness. 
Such proteius may be referred to as “corpuscular” (the less accurate term “globular’’ 
is sometimes used) in distinction from “fibrous” proteins. Clearly Sérensen’s intuition 
was sound when le suggested in 1930 that “the long peptide chains doubtless will be 
flexible and apt to roll themselves up by reason of the cohesion forces by which the vari- 
ous parts of the polypeptide chain atlract each other.” 

Hypotheses of the precise manner in which the peptide chains can “roll themselves 
up” to form compact strictures have heen proposed from time to time in recent years 
by several investigators. Each of these hypotheses has had its advocates and ity 
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vtities and each has its udvantages aud weaknesses, but proof of the validity of none 
of them has heen advanced. According to one recent hypothesis, the peptide chain 
is coiled into a helical strueture, with a definite number of amino acid residues 
per turn of the spiral (10). This helival structure has been derived from considera- 
tion of interatomic distances and bond angles observed in amino acidy and peptides. 
It is held together by hydrogen bondiug and the residues are stereochemically equiva- 
len to each other. Such a theoretically derived helix is both a mathematical and a 
chemical possibility, 


Molecular Size 


The data that lead to conclusions regarding the enormous range in molecular size 
of proteins (from molecular weights of approximately 12,000 for such proteiny as ribo- 
nuclease to apparently many millions) are obtamed from a number of sources (see also 
Polymers), The earliest estimates were obtamed by straightforward stoichiometric 
calculations. Horse hemoglobin contains 0.335% of iron and 0.390% of sulfur and 
Zinotisky in 1886 was able to compute from these figures that the molecular weight 
must be 16,600 for one atom of iron to be preseut, and that a molecule of this size 
would vontaim exactly tivo atoms of sulfur. The accuracy of these early figures has 
heen repeatedly confirmed but the problem remained to determine how many atoms 
of iron there are in a single molecule of hemoglobin. This was accomplished in 1924 
by Adair, who measured the osmotic pressure of solutions of the protein and arrived 
at figures that could be interpreted only as meaning that a single molecule of hemo- 
globin contains four atoms of iron; its molecular weight must therefore be close to 
66,400. 

Hemoglobin, because of the presence of the heavy metal and the small proportion of 
sulfur, and also because of the ease with which it can be purified, provides an especially 
favorable case for the application of the stoichiometric method, But it was not until 
the third decade of the 20th century that determinations of individual amimo acids 
had become sufficiently accurate to be used to compute minimal molecular weights. 
The combination of desirable feataves (am accurate analytical method for a certain 
amino acid, # protein that yields only a small proportion of the amino avid in question, 
and a preparation of the protein that is adequately purified) were to be had in few 
vases, but, nevertheless, a wumber of estimates of minimal molecular weight were 
made which were of the greatest assistance at a thne when the enormous size of the 
molecules of proteins was only beginniug to be appreviated. Perhaps the most refined 
example of the application of this method is the case of 6-lactoglubulin (see Table If) 
for which, by the use of the analytical values for the six amino acids present in smallest 
proportion together with the sulfur content, Brand was able to deduce a minimal mo- 
lecular weight of £2,020 in exact agreement with the results of plyysical methods of 
determination. No smaller figure could be fitted to the data. 

The measurement of the osmot’e pressure (q.u.) of solutions of proteins has proved 
extremely useful. First placed wpon a sound experimental basis by S¢rensen (11) in 
1917 in a paper that is one of the great classics of protein chemistry, the method 
gave messurements of the osmotic pressure of hen’s egg albwmin (ovalbumin) which 
led to an estimate of the molecular weight of 34,000 for this protein. Later investiga- 
tion has brought about correction of this figure to 44,000, but the general principles, 
once established, have been widely applied and the method is useful for the determina- 
tion of the molecular weights of many soluble proteins. 
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Perhaps the most spectacular method of determining the molecular weight. of 
proteins is the uliracentrifuge method devcloped by Svedberg and applied to the case 
of egg albumin and hemoglobin in L926, und extensively developed since then. Sved- 
berg constructed centrifuges capable of developing gravitational fields which may, 
with some instruments, reach 500,000 times the force of gravity. When subjected to 
such fields, the proteim molecules are seclimented so that a slowly moving boundary is 
formed above which there are no protein molecules in the solution. Optical methods 
have been devised whereby the position of the boundary can be accurately located and 
photographed. A sedimentation constant, s, characteristic of the protein is then 
computed in terms of the rate at which the boundary inoves, the angular velocity of 
the rotor and the radius of rotation and this, in turn, is related to the molecular weight 
(M), by an equation which involves the gas constant (2), the absolute temperature 
(T), the diffusion constant (D), the partial specific yolnne of the protein (V), and the 
density of the solver Cp) (see Vol. 10, p. 966): 


_ ats 
~ DL — Vp) 





The diffusion constant is determined separately from observatious of the rate at which 
the protein diffuses across a sharp boundary between a solution of the protein and the 
solvent. For the details of such measurements and a discussion of the several methods 
for computing the diffusion constant, the comprehensive review of Neurath (8) should 
be consulted (see also Polymers). 

The data obtained in Svedberg’s early experiments confirmed the results secured 

by measurements of osmotic pressure, und today the ultracentrifuge is to be found in 
all well-equipped protein laboratories. It is from data secured with this instrument 
that information is obtained on the enormous apparent size of the molecules of the 
virus proteins. 
- Molecular weights can also be computed from the diffusion constant on the 
assumption that the particles are spherical (which is probably only rarely the case), 
from the diffraction of x-rays, from measurenents of pictures obtained in the electron 
microscope (applicable only for the largest protein molecules), and from measurements 
of the scattering of light by solutions of the protein. Table IIIT shows data for a few 
representative proteins calculated from meousurements of sedimentation and diffusion 
coustants. 


TABLE IJ. Molecular Weights of Proleins Derived from Measurements of Sedimentation and 
Diffusion Constants. 


‘ 








Molecular Molecular 
Protein weight Protein weight 
Imsuline. eee ccc eee eae 12,000 Serum #2-globulin Chuman) 150,000 
Ribonuclease..........0.....0020,20.. 12,700 Serum y-globulin (human). 158 ,000 
Adrenocorticotropic. hormone (ACTH).. 20,000 Catalase..... 2... 02. s ae 250 , 000 
Gliadin (wheat)... 00. .000.000......0.005 28 ,000 Edestia (hempseed)....... 310,000 
Zein (corn)... ee ee eee eee ee §640,000 Urease. 0... eee 480,000 
B-Lactoglobulin (cow's milk)... ....... £1,500 Virus, yellow fever........ 2,500,000 
Ovalbumin (hen’s egg whita)....0. 0.40. 44,000 Hemocyanin (octopus)..., 2,800,000 
Hemoglobin (horse}....0...... 002.000. 68 , 000 Virus, tomato bushy stunt. 10,600,000 


Serum albumin (human)... 0. 0..0000, 69,000 Virus, tobacco mosaic..... 40,700,000 
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However, even these data cannot always be aecepted at their fare value. The 
accuracy is sufficient to give confideuce in the order of magnitude, but the measure- 
ments apply only to the specific preparation of the protein used by the investigator 
and to the conditions under which he made his detertninations. Widely different. 
results may be obtained under other conditions, for many proteins undergo dissociation 
or association when the pH or the salt content of the solution or both are varied. For 
example, the molecular weight of 12,000 given for msulin may represent the molec- 
ular weight of a dissociation product. The value 41,000 was obtained by Svedherg 
himself and values of 48,000 have been obtained by others. The osmotic pressnre 
method led to a value of 40,000. It would seein, therefore, that iusulin is either a 
large molecule that can dissociate into three or perhaps four parts of average molec- 
ular weight of the order of 12,000 or else tf is a small rmolecwe of this size which cut 
aggregate into larger units, Behavior of this kind appears to be fairly camuon, 


Mobility 


As amphoteric electrolytes, protein molecules in solution possess a net electrical 
charge unless the solution has beeu adjusted to the isoelectric point. Accardingty, if 
electrodes are placed in a solation of a protein and an electric field is established, the 
protein will migrate toward the electrode of opposite charge to that of the protein, 
This is the phenomenon of electrophoresis and measurements of the mobility ef pro- 
jens have long been of great importance (see also Colloids). The phenomenon was 
first Investigated by coating small insoluble particles with a protein and observing 
under a microscope their behavior when suspended in buffer solution and exposed 
to an electric field. The earliest definition of the isoelectric point depended upon 
such observations, 

Texact measurements of mobility are made today by neans of the apparatus devel- 
oped by Tiselius, in which the sohition of the protein or mixture of proteins in a buffer is 
confined in a narrow rectungular U-shaped channel, the limbs of which are comected to 
electrodes by tubes filled with buffer solution. A sharp boundary is established hetween 
the protein solution and the buffer and is observed with an optical system which takes 
note of the gradient of index of refraction at the boundary between the solution of 
the protein and the solvent. The experiments are usually conducted at the tempera- 
ture of the maxhnuni density of water (4°C.) so as to avoid disturbances arising from 
convection currents. As soon as the clectric potential is set up, the protein component 
or components begin to migrate in the field and, in general, a series of boundaries, one 
for each component of the same mobility, begins to develop. The optical system con- 
verts these regions of variation in index of refraction to Gaussiau-type curves which 
define the edge of a shadow. Successive photographs are taken and the rate at which 
each peak moves gives the data from which the mobility of the protein is computed, 

If the solution of the protein is homogeneous, only aue component is observed, 
and this criterion is customarily applied today as evidence that the protein in question 
has been isolated in pure form. Strictly speuking, all that the observation means is 
that protein contaminants of a mobility different from that of the main component 
have been removed. There is no evidence that the main component does not consist 
of a mixture of two or more proteins of the same mobility. Accordingly, for work of a 
highly critical kind, it is customary to carry out determinations of the mobility over a 
fairly broad zone of pH, since components that are not separated at one pH often can 
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be separated at another. Vurthennore, a plot of the mobility against pH usually 
gives a straight line that intersects the axis of zero mobility at the isoelectric point of 
the protein, and this method is one of the best for the determination of the isoelectric 
points of proteins, ; 

Electrophoresis of mixtures of proteias gives a diagrain with a sevies of peaks, each 
representing © component or group of components of the same mobility. Blood 
plasma, for exatuple, gives a diagram with usually five clearly defined peaks, which, in 
the order of decreasing mobility, ave due to albumin, e-globulin, 6-globulin, fibrinogen, 
and y-globulin. The relative proportions of these components cai be computed from 
the avea, under each of the peaks if certain assumptions are made, and information of 
groat importance in medicine is to be obtained from the data since the relative pro- 
portions of the plasrva proteins are often altered from normal in the presence of disease. 
Measurements of this kind have heen of the greatest service in following the course of 
the fractionation of protein mixtures, especially in the fractionation of the Jlood pro- 
teins. It must be emphasized, however, that the electrophoretic components of blood 
plasma are not homogeneous chetnical entities. Tach consists of a family or group 
of proteins of closely similar mobility which can be separated into componecuts by 
suitable fractionation methods. 


Amphoteric Properties 


Since proteins in sohition can eombine bath with acids and with bases (see p. 230), 
Inuch can be learned regarding the natawe of the charged groups on the protein mole- 
cule from a titration curve. Such curves are usally obtained by titrating a known 
quantity of the protein with successive inerements of acid on the one hand and of base 
on the other hand, the pH being measured with a suitable electrode after each addi- 
tion (see Fig. 1, p. 280). The quantities of hydrogen ion or of hydroxyl ion combined 
with the protein are computed by subtracting the amount of free hydrogen or hydrosy| 
ions in the solution from the total quantity added at each stage, und are expressed in 
terme of a quantity & which is taken as positive when acid is bound and negative whet: 
base is bound, The isoionic point of the protein is takeu as the origin in the plot of 
the quantity #. The quantities of free hydrogen or hydroxyl ious are obtained from a 
parallel titration of the solvent alone, and, since the quantities are small save at the 
extremes of pH, the values of 2 can be estimated with excellent accuracy. From such 
curves, it is possible to deduce the total number of acid-binding and of base-binding 
groups. The region of the curve below pH 5 is concerned with the dissociation of free 
varboxy] groups, presumably mostly the groups of aspartic and glutamic acids which are 
not coinbined as amide groups, The region between pH 5 and 7 is that of the dissociu- 
tion of the imidazolyl groups of histidine, and the region beyond pH 9 that of the dis- 
sociation of free amino groups of lysine, phenolic hydroxyl groups of tyrosine (but 
halogenated phenolic residues are titrated in the neighborhood of pH 6.5), and mercapto 
groups from cysteine if present, At the extreme of pH (pH 11.6-12.6) the guanidino 
groups of arginine are titrated, . 

Great success has attended the use of acid or basic dyes in such titrations, since, 
as a rule, they combine in stoichiometric quantities to form compounds which are 
insoluble and precipitate. Determination of the amount of dye remaining in solution 
by a colorhuctric method furnishes a meusure of the quantity combined with the pro- 
tein and excellent estimates of the acid- or base-binding capacity can be rather easily 
obtained. 
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The Purity of Preparations of Proteins 


A distinction must be made between the precise meanings of the terms “protein” 
and “preparation of a protein.” Ovalbumin is a protein that is found in white of 
ege, a» Material which contains & number of soluble proteins and which has many 
technological uses under the nane “albumen.” (See Hygs.) Many workers have ob- 
tained preparations of this protein and, when adequate care is daken, these prepara- 
tions resemble each other closely im properties. However, they are rarely precisely 
identical and differences can be observed among them if the methods of comparisoi 
are affictently refined, Although for sinrple inorganic or organic substances if is possi- 
ble, by the exertion of great pains and precautions, to secure reproducible and homo- 
geneous preparations suitable for the measurement of fundamental constants sach as 
atomic weight or properties such as solubility, the difficulties increase enormously as 
the complexity of organi¢e compounds mounts, Tn the case of the proteins, which are 
characterized uot ouly by the great complexity of their molecules bat in addition by 
the capacity to combine with acids, bases, and salts, as well as to adsorb other sub- 
stances present in the sohitiou, itis clear that purity is something that the experimen ter 
can only strive to approach but rorvely or never attains. 

The separation of a substance in crystélline form is usually taken as evidence that 
the specimen has been to a large extent isolated from its original coutantinants, but 
every chemist is aware that: repeated recrystallization is necessary to reduce the con- 
tamination to truly negligible levels. With proteins, the presence of crystallinity may 
indeed be grossly misleading as an index of purity, for contamination with amorphous 
or other crystalline material may be present, or the preparation may be a mixed crystal 
or solid solution. Tn such # case, exlensive recrystallization may be ineffective as a 
means of purification. Even such carefully purified materials as Suniner’s original 
preparations of urease were later fontid by him to contain more than one component. 
and the recently introduced technique of countercurrent extraction has shown that a, 
mimnber of preparations of proteius for which apparently valid claims of homogeneity 
had been made are in fact mixtures of two or more compoucnts. 

The ordinary criteria of purity in the protein field are crystallinity, coustaney in 
elementary composition and in amine acid eonrposition, absence of inorganie con- 
tamination, constancy in specific activity if the protein is au enzyme, homogeneity in 
electrophoresis and in the ultracentrifuge even under widely varied conditions of test, 
and constaucy of solubility in properly conducted measurements of this property. 
Tt will be at once realized that each of these criteria involves a technique to which a 
certain experimental error is attached, and that even if a preparation successfully 
pussed all of these tests, proof of complete purity would not have been secured. Addi- 
tional tests, such as hotmogeneity on countereurrent extraction and failure of sero- 
logical tests to demonstrate the presence of protein contaminants known to be present. 
in the erude protein before purification, may inerease one’s confidence in the purity 
of a given preparation, but the fact remains that complete purity is an ideal and has no 
meaning save ii terms of the methods and assumptions used in the examination of the 
preparation. . 


Nutritive Properties 


The precise nature of the long-recognized need for protein has been realized only 
since the experiments of Osborne and Mendel in the second decade of the 20th century. 
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As a result of tests in which the relative nutritive value of various proteins was exam- 
ined, they noted that experimental rats could be maintaimed for long periods without 
growing when gliadin (a prolamin from wheat) furnished the sole source of protein 
in the diet. Osborne had found that gliadin is deficient in the basic amino acid lysine 
and, accordingly, the gliadin diet was supplemented with this amino acid, Growth 
immediately began and continued as long as the supplementary ainino acid was given, 

Parallel experiments i whieh zein (the prolamin of corn) was used led to 
prompt nutritive failive and death of the animal This protein contains no lysine 
and no tryptophan. When these lwo amino acids were lurnished as a supplement, 
growth was established and continued ax long as the supplement was given. From 
these observations, Osborne and Mendel inferred that the rat is unable to syuthesize 
either lysine or tryptophan within its own organisin and must obtain them from out- 
side sources either as such or combined in some dietary protem. Thus arose the doc- 
irine of “essential” antino acids; in broad terns, protein nutrition was reduced ta the 
problem of supplying those amino acids that the animal cannot synthesize itself, 

The detection of the full list of essential amino acids was delayed for many years 
until methods had been developed for the preparation of pure ainino acids on the large 
see. In 1936, Rose and his collaborators reported the amino acid threonine, the 
last of the essential amino acids to he isolated, and for the first time were able to prepare 
a diet upon which animals could grow but which contained no protein, amino acids 
being used as the sole souree of nitrogen. Later, with the use of cliets from which one 
amino acid after another was omitted, they found that the growing rat requires a 
supply from outside sources of ten amino acids, arginine, histidine, isoleucine, leucine, 
lysine, methionine, phenylalanine, threonine, tryptophan, and valine (see also Vol. 1, 
p. 720). Tn more recent experiments Rose (108) has established that only eight of 
these amino acids are required for the maintenance of nitrogen equilibrium in man, 
since arginine and histidine could be dispensed with in human nutrition at least for 
short-time experiments. Still more reccutly he has determined the minimal amounts 
of each of these eight amino acids that must be ingested in the diet in order to maintain 
nitrogen equilibrium. Accordingly, it became possible to advance recommendations 
of the quantities of each of them that should be provided to give an adequate diet. 
With the use of these figures and with tables of the amino acid composition of various 
available food proteins, it is now possible to prescribe a protein diet that will satisfy 
the synthetic needs of the cells of man and maintain hin in nitrogen equilibrium. 
However, the additional needs under such periods of stress as preguancy and lacta- 
tion in women, growth of the child, or organic disease remain to be disepvered. 

For proteins in various foods, see such articles as Cereals (Vol. 3, pp. 599-601); 
Dairy products (mille) (Vol. 4, pp. 778-79); Eggs; Food (Vol. 6, p. 788); Food analysis 
(Vol. 6, pp. 821-22); Meat and meat produdts; and Nuts. 


Biological Properties 


At least three main biological functions of proteins can be easily distinguished. 
First, proteins are found as components of strnctural tissues such as membranes of all 
types from the stroma of the blood cells to the skin of the animal, and they likewise 
make up such structures as hair, scales, feathers, horns, and claws The specific pro- 
teins of these tissues are adapted in their physical and chemical properties for the 
particular function they perform, and perhaps the one property such proteins possess 
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in common is insolubility in water and in salt solution, Such proteins also frequently 
have an unusual capacity for hydration or the formation with water of a gel-like strie- 
(ure whose actual protein content may be quite small. The proteins of nuascle tissue 
can perhaps he considered as belonging in this category. These proteins possess in 
conunon the property of undergoing profound intermolecular and possibly alse intra- 
molecular rearrungemeuts, whereby the fibers of which they are a part can be suddenly 
lengthened or shortened under the stimuthts of impulses fron the nerves. 

A second category of proteins comprises those that serve, or at least appear to 
serve, as storage substances in the organism. Outstanding exutples of proteins of 
this type are found in plant seeds. They are laid down chiring the maturation of the 
seed in essentially solicl form, sometimes even in distinet. crystals, aud are frequently 
characterized by a moderately high degree of chemical stability, These proteins are 
drawn upon during the sprouting of the seed for the initial supply of soluble nitrogenous 
substances required for the development of the embryo until a root system has been 
established. It seems probable that some animal proteins, particularly those of the 
liver, muscles, and blood, nay subserve an analogous function. 

The third main category inchides those proteins, for the most part intracellular, 
which possess the capacity of catalyzing specific chemical reactions. These are the 
enzyines (see Vol. 5, p. 739). They are, as a rule, soluble proteins of the albumin or 
globulin type. many of them of rather low molecular weight, and they are universally 
distributed in great variety in all living cells, The most striking feature of the develap- 
ment of protem chemistry in recent years has been the enlargeinent of our knowledge 
of enzymes, 

The early prevailing view, that protein was the “carrier” of a relatively simpler 
substance to which the specific enzymic activity was attributed, was all changed in 
1926 when Sumner (12) prepared a crystalline globulin from jackhean meal and demon- 
strated it to be the enzyme urease. Although full acceptance of Sumner’s results was 
delayed for a few years, all enzymes that have heen properly studied since then have 
been found to be proteins. 

Astde from the biological functions of proteins as elements of structure, as storage 
substances, and as enzymes, proteins also play a role m many other connections. The 
subject matter of immunology is the consideration of the reaction of the organism to 
the presence of foreign protein, whether this is injected into the blood stream or invades 
the tissues as a result of the activity of a microorganism. The general effect is to 
elicit the synthesis of a specifie protein which hehaves as an antibody to the foreign 
proteiu, thereby interfering with or preventing harmful effects. The new but ex- 
tremely active science of virology is concerned with the behavior of living cells into 
which a virus protein has been introduced. These proteins possess the capacity to in- 
duce the living cell to synthesize more of the virus protein, thus distorting the normal 
metabolism: of the cell, In effect, virus proteins “grow” when introduced into the 
cells of the proper host animal or plant. See also Serums and serology, 

The protein hormones (7.4), which are products of the activity of the endocrine 
glands, are able to elicit fundamental physiological reactions. Tixamples are insulin 
(q.v.), produced by the pancreas, and prolactin, one af the hormones of the auter- 
ior pituitary, Insulin controls the metabolism of carbohydrates, and prolactin activ- 
ates the mammary glands at the termination of pregnancy. 

The most fundamental fact of protein chemistry in relation to life processes is that 
each protein in nature is different in some respect from all other proteins. Even in- 
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sulin, a relatively simple protein hormone, although it has the sanie physiological func- 
tion whatever the species from which it is prepared, differs in amino acid composition 
according to the species: beef insulin is not chemically exactly the saine substance as 
sheep insulin. Differences among species can thus be accounted for in terms of chemi- 
tal differences ainong the proteins of these species. The main storage globulin 
of a watermelon seed is a protein with a specific amino acid composition and with a 
specific arrangement of these amino acids in the structure of the protein. What. is 
true of the main storage globulin is doubtless true for the many other specitic proteins 
that the cells of this seed contain, A watennelon seecl of a definite variety, no matter 
where it was grown or under what conditions, will, if viable and if properly nurtured, 
grow into a watermelon vine like the parent plant ancl will reproduce more seed identi- 
eal with that originally planted. The laws of inheritance have been developed by 
geneticists in terms of the behavior of genes which by their union and separation initiate 
cell proliferation and provide that something of each of the two parents finds its way in- 
to the cells of the offspring. Although nurch is yet to be learned of the chemistry of 
genes, the fact that they are rich in nucleoproteins and that they have the property of 
self-reproduction indicates that there is much validity in the view that proteins lie at 
the hasis of life. 
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PROTOCURIDINE, Cap Hagha0 g. See 4 lkaloids, Vol. 1, p. 490. 
PROTOPINE, CooHiyNOs. See Alkaloids, Vol. 1, p. $87. 


PROTOVERATRINE, C»HsiNOn; PROTOVERATRIDINE, C3,HwNOUs; PROTOVER- 
INE, CosFIasNOw. See Alkaloids, Vol. 1, pp. 502, 503. 


PROVITAMINS. See Vétamins. 
PRUSSIAN BLUE. See “Iron cyanide blues” under Cyanides, Vol. 4, p. 731; Pigments 
(inorganic), Vol. 10, p. 648. 


PSEUDOACONINE, C'sHuNOs; PSEUDOACONITINE, CugsHstNOp. See Alkalozds, 
Vol. 1, p. 50-4. 


d-PSEUDOCOCAINE, CurHnNOy See Alkaloids, Vol. 1, p. E81. 
PSEUDOCONHYDRINE, CsHi;NO. See Alkaloids, Vol. 1, p. 477. 


PSEUDOCUMENE, (H3(CH,)s. See “1,2,4-Trimethylbenzene” under Hydrocarbons, 
Vol. 7, p. 612. 


PSEUDOCUMENOL, (CH3)sCsH2OH. Seo Phenol and phenols, Vol. 10, p. 298. 
PSEUDOCUMIDINE, (CH,)sC sHeNHe. See Aniline, Vol. 1, p. 927. 
PSEUDOEPHEDRINE, CywHuNO. See Alkaloids, Vol. 1, p. 473. 
PSEUDOGLOBDLINS. See Proteins, p. 234. 
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Pulp is a commercial cellulosic material, prepared chiefly from wood, and in smaller 
amounts from rags and other sources, and used in the manufacture of paper (q.v.) and 
such cellulose proclucts and derivatives as rayou (qg.z.) and cellulose acetate. Pulp 
may be prepared from wood by either a mechanical or a chemical process. In the 
mechanical process the wood is shredded to form a pulp (groundwood), This type of 
pulp consists essentially of the whole wood. In the chemical process the cellwose in 
the wood is freed from most of the lignin and other noncellulosic substances present, 
This is done by treating the wood with reagents which form soluble compounds with 
the noncellulosic materials, and then washing and bleaching the residual cellulose. 
The two ehief methods of chemical pulping are the sulfite process and the sulfate, or 
kraft, process. In the sulfite process the wood is heated uuder pressure with a solution 
of calcium, bisulfite containing excess sulfur dioxide, while in the sulfate process an 
alkaline solution containing sodium sulfide is used. The latter process is termed the 
sulfate process because make-up for losses is added in the form of sodium sulfate, 
which is then reduced to sulfide. Semicheinical pulp is produced by « process in which 
the wood chips are softened sufficiently to permit mechanical separation of the fiber. 
This may be done by using cither a slightly alkaline sulfite solution ov a solution of the 
same composition as, but more dilute than, that used in the sulfate process. 

Depending on its intended use, wood pulp is refined to different degrees. Pulp to 
be used in the preparation of rayou or other cellulose derivatives (chemical cellulose, 
or dissolving cellulose), is given a longer treatment to remove more of the lignin, and is 
given a more thorough bleaching. Since the extra refining steps weaken the cellulosic 
fiber, pulp for most papers is treated less drastically. See Cellulose; Cellulose deriva- 
tives. 

Wood pulp is produced in so-called integrated mills where it is used in the wet 
form in the paper manufacturing process. There are other wood pulp inills which do 
not manufacture paper. These mills are known in the trade as market pulp mills. 
In these mills, the pulp produced is passed over a dvyiug machine (similar to a paper 
machine). The dried pulp is cut into shecis, baled and shipped to paper mills which 
do not have a pulp mill as a part of their process. 

In 1952 approximately 21,900,000 tous of paper were manufactured in the US. 
The proportions of the various fibers used for this production were as follows: wood 
pulp, about 14,000,000 tons; waste paper, 7,881,000 tons; rags, 325,000 tons; other 
waste materials (straw, bagasse, etc.), 871,000 tons. 

Pulp from Waste Paper. While the use of this material is not essentially con- 
sidered as pulp manufacture, the tonnage involved merits some consideration as to 
methods of preparation. 

Mills making cheap boxhoard use large amounts of waste newspapers, overissues, 
etc. Since newsprint paper contains little or no size, it requires no chemical treatment. 
Waste newspaper as received at the mills is merely roughly sorted and repulped in 
suitable mechanical repulpers, after which the pulped material is ready for remanu- 
facture. Removal of ink is not necessary for this type of pulp. 

Large amounts of waste magaziues, books, and other so-called fine papers are con- 
verted into pulp, which is used in combination with fresh wood pulp for the manu- 
facture of book aud magazine papers. ‘The preparation of this material involves the 
cooking of the sorted paper in an alkaline solution to clissolve the ink vehicle and to 
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disperse the ink thoroughly. Caustic soda, soda ash, and detergents are employed for 
this purpose. The cooked slurry of raw material then goes to countercurrent washers, 
where the ink is washed out. This operation results in a gray pulp reasonably free 
from ink, but it must be bleached to a satisfactory brightness for mixture with fresh 
bleached pulp. Bleaching is usually carried out in agitated tanks with a solution of 
‘aleium hypochlorite, after which it is again washed and is ready for mixture with other 
fiber for paper manufacture. The preparation of waste paper is usually considered as 
part of the papermaking process, since there are no plunts deyoted to the production of 
recovered pulp from waste paper. 


Pulp from Rags. Without reference tu the papyrus used by the eurly Mgvptians, paper, as we 
know it today, wus first produced from rags in China, and for many years rigs were the chief raw 
material for the manufacture of all types of paper although some fibrous barks and straw were used 
toa Jimited extent. The early processes for reducing rags to fibrous pulp prior to paper manufacture 
were crude and lacked any scientific control, As the demmand for paper increased, some semllanee of 
precise contral began ta appear and, as more knowledge and experience were gained, the hasis for the 
modern method of preparing rags for the manufacture of puper was gradually developed. 

For the manufacture of most grades of rag paper, new or old rags are purchased by the paper 
mill in the form of bales previously classified by the waste-material dealer into arbitrary grades de- 
pendent on the end use. The bales are broken down and the rags sorted to remove foreign miterial, 
after which they are dusted and then cut. in pieces in a mechanical rag cutter. The cut and dusted 
rags are then packed in a horizontal cylindrical vessel known as a rotary. A solution made by boiling 
together a mixture of lime and soda ash is then run inte the rotary, and the vessel is closed and 
steamed through the hollow trunnions of the rotary for 8-12 hours at a pressure of 20-40 pounds. 
Upon eompletion of the cooking, the pressure is relieved and the eontents of the rotary are discharged 
from the manholes. The cooked rags are then charged into a washer, which is 4 unachine similar to a 
hollander beater used in the manufacture of many grades of paper (see Paper). The washer is 
equipped with a washing drum, usually a hexagonal hollow device covered with wire cloth and having 
internal channels capable of clischurging offluent wasl water to the sewer. Fresh water is run into the 
washer at the same rate us the effluent is discharged and the process continues until alkali and im- 
purities have been completely remeved. While this washing process is going on, the rag pieces are 
being defibered by the action of the knives of the beater roll rubbing the rags against the knives of the 
hed plate. When the rags are clean and sufficiently defihered, a bleach solution is added, and when 
sufficiently bleached, the contents of the washer ure emptied into a drainer, usually a brick chamber 
with a floor of perforated tile, where the water drains away, leaving the pulped rags in a moist state 
ready for use in the manufacture of paper. 

Jn the early history of paper making in the U.S., a considerable amount of cheap, coarse wrap- 
ping paper was made from straw. For the production of these straw pulps, the material was cooked 
in much the same wiy as rigs were cooked as described above. No attempt was made to bleach the 
straw pulp, whieh was dark brown im color, similar to modern kraft pulp, A considerable tonnage of 
straw is being processed now in the middle western U.S., but this is used in an unbleached straw board. 

The industrial revolution in the 19th eentury greatly increased the demand for paper of all 
types and it soon became evident that the supply of rags of all kinds was inadequate to supply this 
greatly increased demand. As a result paper manufacturers turned to the use of wood as a raw 
material, Of all vegetable sources, the greatest vield of cellulose per acre occurs in forests. The 
great forusts existing on the North American continent in the early part of the 19th century, as well as 
the forests of Europe at that time, were the stimulus that resulted in the establishment of the wood 
pulp industry, 


Wood Pulp 


By far the greatest, amount of pulp for the manufacture of paper and cellulose de- 
rivatives uses wood (q.v.) as araw material. Under present-day manufacturing meth- 
ods most of the common species of both soft- and hardwoods which grow in the U.S. 
are used: as raw materials for the manufacture of pulp. The so-called softwoods, or 
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coniferous woods, are generally preferred for the manufacture of strong papers because 
of the greater fiber length of the cellulose isolated from coniferous woods, The hard- 
woods, however, are finding increased use because of their abundance and because of 
motlifications of mauufacturing methods which make them more desirable for certain 
grades of paper, either alone or mixed with pulp produced from coniferous wood. 

For many years, the drain upon the forest resources in North America has been greater than 
the annual growth. Tosses trom Gre and insect damage are by far the greatest, followed by the 
consumption of wood for the manufacture of lumber and lor the manufacture of pulp. In recent 
years, the owners of timber land have taken drastic steps to reduce the tremendous losses which oceur 
from fireand insect damage and from wasteful practiees involved in the harvesting of timber. During 
the past (aventy years, the idea that the forests may he regarded as an agricultural crop has gained 
increasing foothold, and today an increasing number of “tree farms’? are being established. These 
tree farms are so managed that timber growth may be fostered and so harvested as to maintain a per 
petual supply of one of owr most valuable raw matorinls. 

In addition to wood pulp produced in the U.S., wood pulp is also imported chiefly from Camade 
and Newfoundland, Tn £952 the following amounts were imported: Canada and Newfoundland, 
1,578,000 tons; Sweden, 190,000 tons; Finland, 145,000 tons; Norway, 21,000 tons. 

The amount of agricultural wastes that are available in the U.S. would supply enough fiber to 
make many times the total annual consumption of paper. However, the cost of harvesting, trans- 
porting, and converting these raw materials into paper is so high as to limit the greater use of this 
type of fiber. In addition, the nature of the fiber itself doos not suit it for many types of paper. 
From the standpoint of the growth of ecllulose per acre per year, wood is the outstanding raw material, 
With modern conservation practice and the increasing development of tree farms, the paper industry 
will probably not suffer from a lack of this type of fiber for some years to come. 


The types of wood pulp produced may be roughly divided into three general 
classes: (1) groundwood, which is a fibrous pulp produced by grinding the whole 
wood in the presence of water to produce a fiber suitable for the manufacture of certain 
prades of paper; (2) chemical pulp, which involves either of two gencral processes, one 
being known as the acid or sulfite process, and the other as the alkaline process, which 
may be further subdivided into the so-called soda precess and the kraft process; (3) 
semichemical pulp, which is pulp produced by mild chemical action in which either 
sodium sulfite or weak kraft liquor is used for softening the cementing material in the 
wood, after which the softened wood is mechanieally defiberecl to produce a high yield 
of cellulose which stil contains large amounts of lignin, ot cementing material. 

The various processes outlined above have many things in common ip so far as 
wood preparation, pulping equipnient, screenings, washings, and final preparation are 
concerned, 

Wood Preparation. Wood is delivered to the pulp mill in logs of varying lengths, 
which may subsequently be cut into such lengths as are best adapted to the particular 
processes. In recent years, much wood in the form of slabs, edgings, mill ends, etc. 
irom the lumber industry is bemg used for the manufacture of pulp. By far the 
greatest amount of wood, however, comes in the form of logs, and the first operation 
involves the removal of bark as completely as possible. Several methods have been 
used for bark removal, For a long time, bark was removed by so-called mechanical 
barkers of various designs, all of which involved the use of a cutting head for shaving off 
the bark. While these machines achieved excellent: removal of the bark, they alyo cut 
away much of the best wood on the outside of the log and were thus wasteful. The 
next development in the barking of logs was the druzm barker, which is in coumion use in 
a large percentage of the mills today. These barking drums ave open-ended cylinders 
approximately 12 feet in diameter and 40-44 feet in length. The cylinder is made up 
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of heavy channel irons with openings between the channel irons, (hus forming slots for 
the discharge of the bark. In these barkers the bark is removed by the friction of the 
logs rubbing against cach other and against the channel irons. This is followed by a 
shower of water. There are several other types of harkers which depend upon the 
friction between the logs for the removal of the bark, but the barking drum is the type 
in mosb common use. A recently developed barker for small logs is the so-called 
stream barker, This machine takes logs of random lengths nud removes the bark by 
subjecting the surface of the log to high-pressure streams of water as the log passes 
through the machine. This machine has proved to be very effeetive for relatively 
small logs. On the Pacific coast, where logs are much larger and where bark is com- 
paratively thick, the principle of high-pressure streams of water is also employed for 
removing bark. Water at 1400-1660 pounds pressure is usecl in this type of barker. 


Ground wood 


The first pulp produced from wood was mechanical pulp, or groundwoed, The 
early history of this process is somewhat obscure, but the original wood grinder is now 
attributed toa German, Friedrich Gottlieb Keller, of Saxony, whe obtained a patent in 
1840. This patent was hought in 1846 by Heinrich Voelter, who first. started commetr- 
cial production, Voelter’s grinders were used in the U.S, and Canada for the produe- 
tion of ground woad in 1866 and 1867. 

The process of wood grinding is relatively simple. A grinder consists of a stone 
made from. specially selected sandstone or, as in recent years, a stone made up of blovks 
of silicon carbide or alumina of (he proper grit. This stone is mounted in heavy hear- 
ings and encased U1a cast-iron housing. Below the grindstone is a pit which receives 
the ground product. Two general types of grinders are in use. The earlier types and 
those used in sinaller mills are known as puckeé grinders. These grinders are equipped 
with three or four pockets which are mounted in the outer casing and serve as feeders 
for the wood undergoing prinding. Mach pocket is equipped with a hydraulie ram 
which serves to press the wood against the revolving stone at a predetermined pressure. 
Tn four-pocket grinders, one pocket serves as a spare for loading while the wood in the 
other pockets is grinding. When one of these pockets is empty, the spare is put in 
operation and the empty pocket then becomes the spare. Pocket grinders use pulp 
stones about 54 inches in diameter with a face varying from 24 to 48 inches. Wood is 
eut in lengths corresponding to the face width of the stone. 

The tnore modern type of wood grinder used in large mills is a so-called magazine 
grinder, These grinders use stones 60-67 inches in diameter with about a 48-inch 
face, Mounted on top of the casing is a large magazine, which usually extends to a 
sevond floor, where wood is loaded into the magazine, and pressure against the stone 
face is applied either by a chain feed or hydraulic rams, which press the descending logs 
against the face of the stoue. 

A stream of water is directed against the face of the stones of all grinders for the 
purpose of lubricating, cooling, and carrying out the ground pulp te a suitable pit be- 
low the grinder. The surface of all pulp stones is grooved according to certain defi- 
nite patterus, depending upon the type and quality of the pulp desired. These 
grooves are cut into the surface of stone by a tool known as a burr. As the grinding 
proceeds, the surface of the stone slowly wears away and must be renewed at proper 
intervals by further treatment with the burr tool. 
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The pulp slurry resulting from the grinding operation is made up of pulp ground 
to the proper degree of fineness, together with slivers and pieces of broken wood which 
must be removed, This slurry passes through a coarse scree commonly known as a 
“bull” sereen, This coarsely screened slurry then passes to fine screens, which remove 
ohjectionable fiber bundles and shives. These screens are usually of the centrifugal 
type. They consist of a horizontal cast iron or bronze cylindrical casing with suitable 
inlet and outlet spouts. Mountecl inside this casiug is a cylindrical frame to which are 
fastened curved perforated plates made of steel, broize, or stainless steel. These 
plates have openings of approximately 0.0625 inch. A shaft passes through the axis of 
the cylinder and impeller blades are mounted on the shaft, which is rotated at rela- 
tively high speed from the outside. The pulp slurry is directed into the interior of the 
perforated cylinder, where it is thrown by the centrifugal force imparted by the im- 
peller against the perforated plates. The fine fibrous pulp passes through the perfora- 
tions while the coarser materiul is retained within the screen and is eventually dis- 
charged from a suitable opening. After final screening, the pulp is ready for use. 

The quality of groundwood is measured by the “freeness,” or the resistance of the 
pulp to the flow of water through a sheet deposited ou a fine screen. The more finely 
ground pulp will resist the How of water to a greater extent and is said to be “slow,” 
while the coarser pulp shows less resistance to the flow of water and is considered to be 
‘fyee.” Tiber length aud color are two other important qualities in groundwood. 
The yield of grouncdwood from the original log approaches 100% because no attempt is 
made to separate the cementing material from the true cellulose, A certain amount of 
water-soluble material is always present in waod, but this amounts to very little, so 
that the chief loss in the grinding process is in the slivers and the material rejected 
hy the fine screens. 

The power required for different pulp qualities will vary as follows: newsprint 55- 
75 hp. per ton; hanging paper (wallpaper), 55-65 hp. per ton; book paper, 60-80 hp. 
per ton, 

The greatest use of groundwood is in the manufacture of newsprint paper, 80-90% 
of which ts composed of groundwood. Groundwood is also widely used in many grades 
of printing and specialty papers such as toweling, toilet tissue, hanging paper, and 
cheap book papers. In recent years, processes have been developed for bleaching 
eroundwaod without greatly reducing the yield. For this purpose, hydrosulfites or 
peroxides are used in increasing amounts, and bleached groundwood is used in a wide 
variety of white printing papers where the opacity and excellent printing qualities 
make it an especially desirable pulp. 


Sulfite Process 


The sulfite process was invented by an American, Benjamin Chew Tilghman, who obtained 
U.S. Patent 70,485 in 1867. Tilghman discovered that wood chips, when digested with a solution 
sontaining a metallic bisulfite nnd free sulfur dioxide, would become softened and defiber as a result 
of the solvent action of the acid solution on the cellulose incrustants in the wood. Tilghman proposed 
the use of » Jead-lined cylindrica] rotating vessel for the digestion pracess, but he met with so much 
mechanical difficulty that the process was abandoned and it remnined for a Swedish chemiat, C. D. 
Ekman, to operate the sulfite process on a commercial scale for the first time. Jekman’s process was 
followed by a German process invented by A. Mitscherlich, who used a horizontal stationary digester 
indirectly heated by bronze or lead steam coils. The Mitscherlich process operated at relatively low 
temperature, 2 maximum of 120°C., and a long time (18-36 hours) was required 40 complete the pulp- 
ing action. 
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In 1882, Mugen Ritter and Carl Kellner obtained an Austrian patent for a process in whieh 
direct. steam was introduced into the digester in sufficient volume to bring the contents to temperature 
and pressure in a much shorter time, thus greatly tneressing the production per digester. The sue+ 
cessful operation of the Mitseherlich and the Ritter-Kellner processes in Exnwope led to the introduc- 
tion of the latter process in Canada in 1885 and the Mitscherlicl process in the (LS. in 1887, Follow- 
ing these initial installations, the sulfite industry expanded rapidly, especially the Ritter-Kellner 
process because of its greater production potential. 


EQUIPMENT 


Both the sulfite and the sulfate processes use equipment of a similar nature, Wood for the 
manufacture of chemical pulp must first be barked, using the sume type of equipment as is used for 
the preparation of wood for the manufacture of groundwoodl, or mechanical pulp, 

After the barking process, the logs are chipped in a machine known as a chipper, This machine 
consists of a steel disk in which heavy knives are mounted radially and so arranged us to clear a heavy 
hed knife set in the casing which surrounds the disk. The chipper disk is of heavy steel with openings 
at each knife which allow the discharge of the chips to 2 suitable conveyor arranged underneath the 
chipper, Older chippers usually had four knives mounted in the disk. The modern tendency, haw~ 
ever, has been to increase the number of Knives and many chippers carrying as many as twelve knives 
to the disk are in present operation, The knives of these multiple-knife chippers, being much closer 
together, operate smoothly because a knife is always in the process of cutting through the log. The 
logs are fed to the chipper through an inclined spout so that the cut edge of the chips produced is at ar 
angle to the axis of the log. Chippers are adjusted to give, us nearly 28 possible, chips of uniform 
length, the preferred length being approximately 84 inch, The chips resulting from the cutting 
operation are conveyed to chip sereens, which may be horizontal shuking sereens or rotary screens 
consisting of three different size openings. The chips first go over a coarse screen, the purpose of 
which is to remove long slivers, knots and Jarge chips. The chips passing through the coarse sereeng 
then go to a finer screen and from this screen to a third screen fine enough to remove sawdust and unde~ 
sirable short chips. The sawdust and material from the fine sereens is sent to the pawer house for 
burning and the rejects from the coarse screens are sent through « rechipper, whieh js usually a ham- 
mermill type machine designed to reduce the size, after which the material again goes through the 
screening system. Accepted chips go to suitable storage bins, which may be loeated over the digest- 
ers, oF, 18 in Many Modern installations, are stored in silos from which they are curried to the digesters 
by suitable conveying systems, 


Digesters are pressure vessels of varying size. Digesters used in the sulfite process 
are generally built of steel and lined with an acid_resistant brick lining, although some 
tnodern sulfite digesters are med with stainless steel. Sulfite digesters are built in 
varying sizes from about 10 feet LD. and 30-40 feet high to large-capacity digesters 
which may be of 15-18 feet T.D. anc 60 feet high. They are built of steel plates of 
sufficient thickness to withstand pressures of 75-150 p.s.i, The acid-resistant brick 
lining usually consists of two layers, the joints of which are made with a litharge and 
flycerol cement or one composed of furfural-formaldehyde cement, which resists the 
acid used in cooking. Stainless-steel lined digesters are lined with type 316 stainless 
steel containing about 4% molybdenum. Because of the large diameter of sulfite 
digesters, they are always erected at the mill. Digesters for the alkaline process are 
smaller in diameter than sulfite digesters because of the higher pressure generally 
earried in the alkaline process. They may be made of carbon steel welded, or they 
may be lined with carbon brick or with stainless steel. Digesters for the alkaline proc- 
éss usually range in capacity between 2000 and 4000 cubic feet. These digesters are 

capable of producing 6—10 tons of pulp for each cook. Sulfite digesters, on the other 
hand, being considerably larger, will produce from 12 to 25 tons of pulp per cook. 

_ Figure 1 is an elevation of a typical modern sulfite digester equipped with means 
for external heating and circulation of the acid used in cooking. Many digesters in 
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older mills are heated by direct steam injection, but modern practice is usually to en- 
ploy a liquor-cireulating system. Digesters for the preparation of alkaline pulps may 
be cooked by direct. steam mjection or by the use of a circulating system similar to that 
in use with sulfite digesters. 

Some mills using the alkaline kraft, process are equipped with tumbling digesters. 
These digesters are equipped with truumions located on opposite sides of the center of 
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Fig. 1. Externally heated sulfite digester. 


the digester and arranged for slow rotation hy means of a worm and gear, These 
tumbling digesters are cone-shaped on each end, and steam is admitted to the digesters 
through one of the trumions. The slow rotation of the digester brings about a uni- 
form action of the cooking liquor on the charge of chips and the results are considered at 
some mills to be superior to results obtained in stationary digesters equipped with cir- 
culating systems. 

A disadvantage in the use of the tumbling digester is the necessity of coupling 
the digester with suitable discharge lines before the contents are blown, - 
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PREPARATION OF TEE COORING ACTD 

Figure 2 shows a flow diagram for the sulfite process, including the preparation of 
the cooking acid. As stated previously, the acid used for the sulfite process is a soln- 
tion of a bisulfite containing free sulfur dioxide, For many vears calcium bisulfite has 
been used, the ealenum being obtained from limestone or from burned lime. Formerly, 
because of the low cost of limestone or lime, no attempts were made to recover these 
chemicals from the liquor after cooking, Tt was the custom te discharge the waste 
hquor after cooking into streams adjacent to the mill, thus causing considerable stream 
pollution, Miwieipal and state authorities have recoguized this, and Jaws have heen 
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Fig. 2. Flow diagram of the sulfite pulping process, 


established in several states requiring sulfite mills to do away with this type of pollu- 
tion. Asa result of these laws, some mills have changed to other bases such as mag- 
nesium and ammonium. See p. 262. 

Since most mills use lime in the preparation of the cooking acid, the use of this hase 
will be explainecl in more detail. 

For the preparation of the acid cooking liquor, sulfur dioxide obtained by burning 
sulfur or pyrites is used. In the U.S. sulfur has been the main source of sulfur dioxide. 
Two types of sulfur burners are in common use. The rotary burner consists of a steel 
shell with cone-shaped ends lined with brick and mounted on driven rollers which ro- 
tate the horizontally mounted Inirner slowly. One of the cone ends has a damper ar- 
rangement for admitting air and a pipe or spout for delivering either unmelted or 
melted sulfur to the burner. The other end of the burner communicates with a verti- 
eal combustion chamber lined with brick and equipped with a central baffle in the top 
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of which are openings for the passage of the gases from one side of the baflle to the 
other. After the burner is started, a pool of molten sulfur is formed in the bottom of 
the Inner and some of the molten sulfur is carried up the sides of the burner as a result 
of its slow rotation. The gases from the burning sulfur pass into the combustion 
chamber where the burning process is completed, The air flow is adjusted by means of 
the dampers so that maximum concentration of sulfur dioxide is obtained in the sys- 
tem. Too little air results in the formation of sublimed sulfur, which is objectionable, 
while too much air dilutes the gas, whose concentration of stlfur dioxide should be 
kept as near as possible to 20% by volume without excessive sublimation, 

The other type of sulfur burner is a stationary horizontal cylindrical sheil lined 
with brick and equipped with baffles. Molten sulfur is sprayed into its combustion 
ehamber, where burning takes place under proper adjustment of the air intake. The 
gases leaving either type of burner are cooled immediately to below 700°C. to avoid 
formation of sulfur trioxide. The conimon type of cooler is made up of cast-iron pipes 
conneeted to a manifold, all of which are submerged in awater cooling pond. Gases 
leaving the cooling pond pass upward through a series of parallel lead pipes further 
cooled by water showers. A lead fan serves to pull the gas through the system and 
deliver it to the absorption equipment. 

Another type of cooler which is used is a spray-type cooler in which the gases are 
cooled by direct contact with water sprays. These are so arranged that the cooling is 
done in two towers. The water from the second cooling tower is usecl as showers in the 
first cooling tower, and the temperature of the water in the first tower is high enough to 
avoid any material loss of sulfur dioxide which might be clissolved in cooler water. 

Two general processes are usecl for forming bisulfite solutions. The most com- 
monly used system in the U.S. is the so-called Jenssen system, cousisting of two tile-lined 
concrete towers which are filled with limestone (CaCO) of proper purity. These 
towers are so arranged that cold gas from the sulfur burners may be admitted to the 
bottom of either tower. The gas emerging from the top of the tower to which the gas 
is admitted passes to the bottom of the second tower and is discharged to the autmos- 
phere from the top, These towers are normally called the “wealc tower” and the 
“strong tower.” Water is introduced at the top of the weak tower, passes down over 
the limestone, and collects in a sump at the bottom, from which it is pumped to the 
top of the strong tower. Gas is conducted into the strong tower until a large portion of 
the limestone has been dissolved, after which gas is admitted to the bottom of the 
weak tower, which then becomes a strong tower, and the limestone which has been dis- 
solved in the strong tower is renewed. The original strong tower then becomes the 
weak tower. 

The reaction between sulfur dioxide and limestone in the presence of water first 
produces calcium monosulfite, CaSO;. This salt is insoluble in water, but an excess of 
sulfur dioxide converts this monosulfite to soluble calcium bisulfite, Ca(HSOs)o, which 
is the active agent in the sulfite process: 


SO. +4 #0 —_—_ H.SOs 
HLSO; + Ca(OH), === CaSO; + 2 HO 
CaSO; + H.SO; ——— CalH803). 











The acid leaving the strong tower isknown as “raw” acid. This raw acid is a solution 
of calcium bisulfite containing a small amount of free sulfur dioxide, depending upon 
the temperature of the water used in the acid towers and the partial pressure of the 
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sulfur dioxide passing through the towers. Under modern ceouditions, this raw acid 
usually is filtered on sand filters io remove any undissolved material from the limestone 
and any sublimed sulfur which may have been in the gas. The filtered raw acid then 
goes to raw-acid storage, where it is later fortified with free sulfur dioxide (see p. 260). 
In the Barker system, which is used to some extent, sulfur dioxide is absorbed ina 
milk of lime slurry. This system is a conventional bubble-cap absorber using a slurry 
of milk of lime, Ca(OH), as the absorbing medium. The advantage of the Barker 
system is that dolomitic lime may be used in place of high-caleium lime, Dolomitie 
limestone cannot be used in the Jenssen tower system becanse of its inertness. On the 
other hand, lime produced from dolomite reacts readily with sulfur dioxide to form a 
mixed bisulfite made up of caletum and magnesium bisulfites. Some mills prefer the 
mixed bisulfites for cooking us it is felt that a better quality of pulp may be produced, 


THE COOKING PROCESS 

Sulfite pulp is prepared by cooking wood chips in a solution af bisulfite containing a 
definite excess of free sulfur dioxide. Tu starting the cooking process, chips are fed into 
the digester through the top opeuing imti the digester is substantially completely 
filed with chips. The filling may be done by simple gravity discharge of the chips into 
the digester, or they may be distributed by means of various chip-paecking devices, 
which distribute the chips more tiifarmly within the digester, 

After the digester is filled, the cover is bolted on and the cooking acid is pumped in. 
Durmg this pumping, a valve in the top of the digester is opened to release the en- 
trained air. After displacement of the air, the valve is closed and heating of the di- 
gester begins. Thismay be done hy direct steam injection or, il more modern digesters 
equipped with circulating systems, indirectly by circulating the liquor in the digester 
through an external heater. As the temperature rises in the digester, the pressure 
increases because of escape of sulfur dioxide from the liquor, and the volume of the 
liquor increases as a result of expansion. The pressure in the digester is regulated 
either automatically or manually by relieving sulfur dioxide through a relief system, 
To allow for expansion of the liquor in the digester, a certain amount of “side’’ relief 
liquor is taken off to matutain a gas space at the top of the digester. 

The heating of the digester contents must be relatively slow at the start in order to 
secure proper penetration of the acid into the chips. If heating oecurs too rapidly, 
SO. will penetrate the chips ahead of the liquer and a certain amount of so-called 
burning will occur. This burning is a polymerization of the liguin present in the wood 
to the extent that it will no longer form a soluble sulfonic acid. A slow rise im tempera~ 
ture for a period of 1-2 hours up to 110°C, accomplishes satisfactory liquor penetra~ 
tion, after which the temperature may be raised more rapidly withowt any burning 
effect. - 

The maximuin pressure in sulfite digesters Is usually held at 75-85 p.s.i., although 
some digesters have been built for higher pressures. The maximum digester pressure 
is maintained either automatically or by manual control through the cooking cycle, 
which may be from 6 to 9 hours’ duration, The maximum temperature is controlled 
by adjusting the flow of steam either in direct injection or to the external heater. The 
maximum temperature of the cook varies according to the quality of pulp beg pro- 
duced. . Pulp intended for the manufacture of paper is usually cooked at a maximum 
temperature of 185-140°C. Pulp for the manufacture of cellulose derivatives is usu- 
ally more severely cooked, the maximum temperature being between 140 and 150°C, 


260 PULP 


The maximum (temperature is usually reached {--2 hours before the digester is dis- 
charged. The course of the digestion may be followed by drawing liquid samples from 
the digester and analyzing this Hquor for free and combimed sulfur dioxide, The color 
of the liquor deepens as the cook proceeds and may be used to determine the course ard 
the end of the cooking process, although in modern mills the tendency is te regnlate 
the cooking eyele by automatic temperature and steam-How controls. 

Upon completion of the cook, the pressure within the digester is blown down from 
maximum to approximately 2) p.s.i., after which the blow valve at the hottom of the 
digester is opened and the contents are discharged into a blow pit. These blow pits 
may be made of wood with a perforated-tile or stainless-steel bottom, which serves to 
drain away the waste liquor from the pulp. Blowing the digesters against a target in 
the blow pit: breaks up the softened chips into pulp. During the blowing process a 
large amount of steam and sulfur dioxide escapes through a so-called vormit stack on 
the top of the blaw pit. In recent years some mills have redesigned the vomit stacks 
so that the steam may be condensed and sulfur dioxide dissolved in water and ve- 
covered, 

lt has been pointed out, that gas pressure in the digester during the cook is von- 
stantly relieved through suitable valves as the temperature rises, This relief gas in 
modern mills is usually eallected in an accumulator system, Accumulators are usually 
spherical steel vessels jined with acid-proof brick and there ure usually a high-pressure 
and a low-pressure accumulator. Raw acid from raw-acid storage tanks is pumped 
into the two aceumulators, Hot gas from the digesters and a certain amount of side 
relief liquor from the early part of the cook ave conducted into the high-pressure ac- 
cumulator, thus increasing the percentage of free sulfur dioxide in the acid. The high- 
pressure accumulator is usually designed for a maximum pressure of 50 pounds, When 
this pressure is reached, the gas from the high-pressure accumulator passes into the 
low-pressure accumulator, which usually operates in the vicinity of 20 psd. Any 
over-gas from the low-pressure accumulator is then conducted to the raw-acid storage 
tanks, where it is absorbed. Gas relieved during the blowdown of the digesters at 
the end of the cook goes into oue or the other of the accumulators, depending upou 
the blowing pressure. It is tly seen that during the cook the concentration of the 
free sulfur dioxide and the temperature of the acid in the high-pressure accumulator 
are raised to the point desired for cooking acid coucentration. The liquor from the 
high-pressure accumulator is then used in filling a fvesh digester prior to cooking. 

The reactions which take place in the cooking process involve the formation of a 
calcium salt of lignin sulfonic acid, which is soluble and is dissolved out of the wood in 
the cooking process. Sufficient metallic ion to form the metallic salt of lignin sulfonic 
acid must be present, for if ot, then under the low pH conditions prevailing, the cellu- 
lose is hydrolyzed and the yield is reduced. ‘The terms normally used in deseribing the 
composition of cooking acid are total SO., and combined and free SO, The “com- 
bined SQ” is calculated from the total SOs by subtracting the amount that would be 
necessary to form calcium monosulfite, CaSO, with all of the calcium present; free 
5OQz is the remainder, The amount of combined SVs usually used is approximately 
3.5-4.0%, based on the oveu-dry wood. Tt is always necessary to have more free SOq 
than necessary to form bisulfite, for two reasons: (1) If there is insufficient SO. in the 
liquor, calctum monosulfite precipitates as ihe temperature rises and as gas is relieved 


(2) The presence of excess free SO, aids the penetration of the liquor into the wood and 
tends to speed the rate of reaction, 
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The evoking operation can be regulated by changing the steam How and/or the 
cooking time, according to the results of tests of the cooked pulp for “bleachability.” 
Bleachability may be determined in many ways and is essentially a measure of the 
chlorine demand or amount of oxidizing agent necessary to bleach the cooked pulp to a 
stundard white or to destroy the coloring matter present in the unblearhed pulp. Ree 
p. 270. 

The cooking process never removes all of the iguin present m the woods if such au 
attempt is made, the cellulose itself is attacked and the yield of cellulose from wood 
drastically reduced. The sulfite process seems to be a combined hydrolysis aud sul- 
fonation. This not known exactly how lignin exists in the original wood but it is fairly 
well established now that if isi some sort of chemical combination with carbohydrates 
present in the wood. The action of the cooking acid seems to be first a hydrolytic 
splitting of the lignhtcarbohydrate complex with simultaneous snifonation of the 
lignin as itis split from the carbohydrate. As the lignin goes into solution, more and 
more cellulose surface is exposed to the action of the acid and this concition eventually 
reaches a state where cellulose is destroyed faster than liguin is brought into selution. 
It is, therefore, necessary 10 stop the eooking process at same predetermined point ta 
avoid too much loss of cetlulose. The amowot of lignin impurities left in the pulp at 
the end of the cooking operation depends upon the end use of the pulp. For example, 
papermaking pulps m the wibleached form usually have a much higher lignin content 
than pulps which are to be eventually converted into cellulose for the manufacture of 
cellulose derivatives such as viscose rayon. Pulp for these purposes is more drastically 
cooked because fiber strength is uot as important in pulps used as raw material for 
cellulose derivatives. Papermaking pulps, however, are cooked mainly for high 
physical strength. 


WASTE LIQUOR. 

The waste liquor resulting from the cooking process has for many years been dis- 
charged into the mill sewer. ‘The organic solids present in the waste liquor represent a. 
little more than one-hulf of the original weight of the wood. The liquar also contains 
the chemicals combined with lignin. Yn addition to lignin compounds, the waste 
liquor also contains both hexose und peutose sugars. When this waste liquor is dis- 
charged into streams it tends to recuce the dissolved oxygen in the water into which 
it is discharged. Legislation in many states now prohibits the discharge of sulfite 
waste liquor into the streams, resulting in efforts by mills to find the hest method of 
wiilizing the waste liquor. 

By fermentation of the waste liquor with yeast, the hexose sugars are converted 
into ethyl alcohol, which may he recovered by distillation (see Vol. 1, p. 274). This 
recovery of aleohol reduces the stream pollution to some extent, but the pentose sugars 
are still present together with other oxygen-consuming compounds. It has been fond 
that forula yeast will utilize both the hexose and some of the pentose sugars in the 
waste liquor, and the yeast which grows upon these sugars has been found to be high in 
proteins and vitamins. This yeast has been proposed as both an animal and human 
food supplement. Although the growth of this yeast reduces the pollution load materi- 
ally, there is still oxygeu-consuming material in the waste liquor together with the dis- 
solved lignin, Vanilli (¢.7.) may also be recovered from waste sulfite liquor. 

By evaporation to 2 solids content of upproximately 60%; it is possible to burn the 
waste liquor not only for the production of power but for chemical recovery. When 
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lime is used as the base for the acid cooking liquor it is not readily recovered, because 
when the evaporated waste liquor is bummed the calcium combines with the sulfur pres- 
ent to form calcium sulfate, which is discharged from the furnace as an ash, Tf mag- 
nesitm is used as « base, and the waste liquor is evaporated and bummed, the magne- 
sium is converted into magnesium oxide aud the sulfur passes off in the combustion 
vases as sulfur dioxide. By making a slurry of the magnesium oxide ash, this slurry 
may be used in an absorption tower to absorb the sulfur dioxide im the cooled combus- 
tion gases: thus it is possible to have a cyclic process in which the energy existing 1 
the organic material is recovered as steam and power and the chemicals released in the 
burning are recombined to form fresh cooking liquor. This process has been mstalled 
in one large sulfite mill and solves the stveam pollution problem (2). Ammonia may 
also be used as a base and the waste liqnor evaporated and burned. Ammonia, how- 
ever, catnat be recovered economically, but steam, power, and sulfur may he recov- 
ered. In Sweden, where fuel costs are high, a mamber of mils are now evaporating 
and burning caletum-base waste liquor for the recovery of heat. See also Wastes. 

When no waste liquor recovery system exists, approximately 220-250 pounds of 
sulfur is consumed per ton of pulp produced and about 325 pounds of limestone is also 
cousumed, The use of water is also a large item in the manufacture of sulfite pulp. 
Tt is used not only as a medium of transportation but also for making acid, for the 
generation of steam, and for washing the cooked pulp. Water consumption for an 
unbleached sulfite will run from 7,000 to 12,000 gallons per ton, or from 80 to 50 tons of 
water per ton of product. Yor bicached sulfite this figure is much larger. See p. 276. 


Sulfate Process 


The first successful method for the extraction of cellulose from wood was invented by Watt and 
Burgess in England in 1851, They used « solution of caustic soda for cooking the wood at elevated 
temperatures and pressures. This process did not meet with success in England, and so Watt and 
Burgess came to the United States in 1854 and established the first soda pulp mill using poplar chips 
for the production of pulp. A number of soda pulp mills were established in New Tngland and 
operated until the sulfite process was introduced in the U.S. 

Since the soda, process uses large amounts of relatively expensive exustic soda (approximately 
20-259 based on the wuod), some system for recovering soda had to be introduced to lower the coat 
of the process. This was accomplished by evaporating and incinerating the waste liquor from the 
process, by which means the sodium content, was converted to sodium carbonate. The sodium 
carbonate was then causticized, thus converting it to caustic soda, which was returned to the process. 
The soda process was usecl mainly for the pulping of hardwood species. Some of the softwoods were 
pulped by this process, but alter the introduction of the sulfite proeess, which producos a superior 
quality of pulp from sofiwoods, the soda pulp process was no longer used for this purpose. 

Tn 1878, Dahl discovered that if sodium sulfide were added to the vaustic soda used for cooking 
woud, somewhat less total alkali was required and the quality of the pulp produced was far superior to 
that produced by the process using soda alone. The color of the pulp produced by Dahl’s process 
was dark brown, but it porsessed a remarkably high physical strength, so much so that the process was 
termed the kraft process from the German word Kraft moaning strength. This process developed 
very rapidly in Europe and was soon introdueed into the U.S. This pulp found wide use in the 
munifacture of strong wrapping papers, grocery bugs, boxboard, and other papers where the dark 
brown color of the pulp waa not objectionable, 


The modern sulfate process is described in reference (3), 

There are a number of wood species which cannot be successfully pulped by the 
sulfite process. These species include the pines, Douglas fir, tamarack, and a few 
others. The sapwood of all of the species mentioned may be pulped by the sulfite 
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process, but in the formation of heartwood in the tree certain stilbene derivatives (see 
Vol. 10, p.3884) are deposited in the heartwood which prevent its suecessful pulping by 
the sulfite process. These chemicals, however, do not resist the action of alkaline 
pulping liquor; consequently, the kraft or sulfate pulp industry did not develop on the 
west coast until Douglas fir was found to be a satisfactory raw material. 


EQUIPMENT AND OPERATION 

The equipment and methods of wood preparation for the sulfate process ave similar 
to those for the sulfite process (see p. 255). Digesters are somewhat smaller hecause of 
the necessity of currying higher iiternal pressure. Also, these cigesters are mostly 
made of unlined, plain steel, although, for certain wood species such as Douglas fir, 
mills are beginning to use either stainless-steel lined or carbon-brick lined digesters to 
prevent excessive corrosion, Modern sulfate digesters are equipped with external 
heating and cireulating systems shmilar to those used mm the sulfite mdustry. Figure 3 
shows a flow diagram for the sulfate process. 
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Fig. 3. Flow diagram of the sulfate pulping process. 


The operation of the sulfate process is conducted as follows: The digester is first 
filled with chips and usually a mixture of spent cooking liquor (“black liquor’) and 
fresh cooking liquor (white Hquor’’) is run in. The purpose of using spent cooking 
liquor is to increase the solids content of the final spent liquor in order to reduce the 
consumption of steam in the evaporating process. About 40-45% of the total liquor 
volume may be blavk Hquor. When the digester is filled with chips and cooking liquor 
to the proper height, the contents are rapidly heated to approximately 170°C. Under 
these conditions cooking takes place rapidly and normally requires only 114-8 hours to 
complete the pulping action, although some mills manufacturing pulp for subsequent 
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bleaching may cook more slowly. Six hours is frequently the cooking period for the 
produetion of high-grade sulfate pulp for bleaching. When the cook is completed, 
pressure is reduced to some extent and the contents of the digester are blown into a 
eytlone, Usually the gas outlet of this cyclone is connected with a heat-recovery sys- 
tem for recovering the large amount of heat present in the steam when the digester is 
blown. This heat recovery serves to heat water for subsequent pulp washing. From 
the cyclone the pulp is pumped to lnotters similar to those used in sulfite mills, and in 
most modern mills to vacuum washers, usually in three or four stages where the pulp is 
washed countercurrently, the last stage being with fresh hot water. The effluent from 
the final washer is used for dilution and washing on the next succeeding washer. The 
objective of this washing system is to produce a strong liquor, commonly known as 
“hlaek” liquor, for evaporation. 

The pulp, after thorough washing as described, is then sereened and is ready for 
the manufacture of unbleached paper or may be delivered to the bleachery for the pro- 
duction of bleached kraft or sulfate pulp. 


THI RECOVERY SYSTEM 

Black liquor is pumped to multiple-effect evaporators, usually 5- or 6-effect, where 
it is concentrated to about 50%, total solids. [tis then run through a cascade or disk 
evaporator, where combustion gases from the recovery furnace further conceitrate the 
liquor to approximately 60% solids for burning. The concentrated liquor is then 
sprayed into a suitable furnace where steam is generated by the combustion. The 
soda, solids (NagCO; plus NaS) melt at the high temperature of the combustion 
furnace and are discharged from a spout in the base of the firnace into a tank of water 
where the smelt dissolves fo form a solution known as green liquor, the green color be- 
ing due to iron impuritics, This solution contains sodium sulfide, sodium carbonate, 
and some carbon and iron. The green liquor from the quenching tanks beneath the 
furnace is then pumped to a clarifier and then to the causlicizers, where the sodium car- 
bonate content of the green liquor is converted into soditum hydroxide by the addition 
of lime and heating (see Vol.1, p. 410): 


NasCOn -+ Ca(OlD. ——— 2 NuOH + Cao, 


The causticized liquor then goes to suitable clarifiers, where the caleium carbonate 
forms the underflow aud clarified white liquor forms the overflow to a suitable storage 
tank abead of the digesters. The slurry of calcium carbonate after waghing passes 
over @ continuous rotary vacuum filler, from which it drops into a rotary lime kiln, 
where it is burned to calcium oxide, which is again avatlable for causticizing. 

Mn spite of the most careful washing, some soda is lost in the washing operation and 
must be made up to keep the mill in balance. Soda losses are made up by adding 
ernde sodium sulfate or salt cake to the hquor as it enters the furnace, This sodium 
sulfate is then reduced during the burning process to sodium sulfide, which is one of 
the active cooking chemicals. The addition of salt cake to make up soda losses is so 
adjusted that the “sulfidity” of the cooking liquor remains constant. The sulfidity is 
the percentage of sodium sulfide in the cooking liquor, based on the total titratable 
ukali. Most mills operate with an amount of total alkali, calculated as sodum oxide, 
of about 16-17% based on the oven-dry wood, the sulfidity being approximately 25%. 
During the burning of the concentrated waste liquor uot all of the sodium salts are re- 
covered in the forni of smelt, A considerable amount sublimes at the temperature of 
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the furnace and must be recovered, Some of this sublimed soda dissolves in (he liquor 
going through the easeade or disk evaporator which follows the vacuum evaporator. 
An appreciable amount of sublimed sodium salts would normally go out through the 
stack unless other means were provided for recovery. The method most often sed for 
recovering the finely divided sublimed material is to pass the fumace gases through wn 
electrostatic precipitator which removes the bulk of this finely divided material. 
Venturt scrubbers have also been used snecessfully for this purpose, black liquor being 
used as a scrubbing medium. 

Mills which cook highly resinous woods, stich as Lhe pines, recover a considerable 
amount of turpentine (referred to as “sulfate turpentine’~-see Turpentine) trom re~ 
lieving and blow gases. These gases are passed through suitable condensers and a 
decautetion tauk, where the turpentine separates. Turpentine recovery depends upon 
the condition of the wood, Seasoned wootl gives less tarpentine than green wood, For 
green slash pie or longleaf pie the turpentine recovery varies between 2 and 5 gallons 
of turpentine per ton of pulp produced, depending on the condition of the wood. 
Also, in the cuse of resinons woods, a considerable amount of a semisolid soap separates 
from the black liquor duringevaporation. [tis customary to ru the partially evapo~ 
rated black liquor from the second effeet of the evaporators into a tank, where the 
soap rises to the top. Tis skimmed from the tank and sold as crude sulfate soap, or it 
may be neutralized with acid, producing an oil known as tall oil (q.0.). This tall oil 
contains nearly 50%, of fatty acids cousisting largely of oleic acid, linoleic acid, aud 
linolenic acid, the balance being resin acids and some phytosterols. Refined tall oif 
finds extensive use in the paiut industry and many attempts have been made with more 
or less success to recover purified or hydrogenated fatty acids and resin acids as well as 
the phytosterol, which is a possible raw material for the production of certain types of 
hormones. Since the 1930’s the production of sulfate pulp in the U.S. has increased 
enormously, aud since the early 1940's large amounts of bleached sulfate pulp have 
been produced. For a long time it was considerecl that sulfate pulp could nat he satis- 
faetorily bleached without severe degradation; however, research on the bleaching of 
sulfate pulps has resulted in bleaching processes capable of yielding a product of high 
brightness with very little cellulose degradation. This will be dicussed nnder the 
bleaching of pulp. 

Chemical Losses. The objective of any cyclic chemical proccss is the complete 
recovery of the chemicals in a form for re-use. This goal, however, is never fully 
realized because of certain unavoidable losses whieh must be made up with fresh 
chemicals. In the kraft process the chemical losses are soda, sulfur, and lime. Some 
soda loss occurs in the washing of the pulp, in fumes from the recovery furnace, in the 
causticizing and subsequent washing of the lime mud, and possibly by spillage through- 
out the pulp mill. Sulfur is lost in organic volatile sulfur compounds, in furnace gases 
as sulfur dioxide, and in some of the washing operations. Lime is lost in the course of 
the reburning of the lime sludge after causticizing. Lime losses are relatively small, 
but soda and sulfur losses vary widely in different mills, depending upon how carefully 
all phases of the recovery system are operated. Losses of soda and sulfur are made up 
hy the addition of salt cake to the evaporated black liquor as it enters the furnace, 
where it is reduced to sodium sulfide in the burning process. Some mills report salt- 
cake make-up as low as 115 pounds per ton of pulp produced, while there are other 
mills where the make-up of salt cake may run as high as 300 pounds of salt cake per 
ton of pulp. 
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In soda pulp mills where no sulfur is used. the losses are made up by the aclelition of 
sodium carbonate to the green liquor or caustic soda to the white liquor. 


Semichemical Pulp 


Since World War IT there has been a rapid merease in the production of what: is 
known as semichemical pulp. These pulps are produced fram chips by a mild chemi- 
‘al treatment designed to soften the chips sufficiently to allow mechanical separation of 
the fiber. While the yields ou sulfite pulp average 44-46%, based on the wood, and 
with kraft pulp vary between 42 and 44%, in the case of semichemical pulps the yields 
are in the vicinity of 80%. This, of course, means considerable conservation of wood 
where semichemical pulps can be used for many grades of paper. Most of the semi- 
chemical pulp produced so far is used in the manufacture of coarser types of paper, since 
semichemical pulps do not develop a strength ancl flexibility equal to that obtained 
with a completely cooked chemical pulp. At present, much of the semichemical pulp is 
heing used in the manufacture of hoxhoards. As aclditioual experience is gainel in the 
production and improvement of quality of semichemical pulps, their use will, without 
doubt, be greatly extended. 

There are two general pulping processes used for the manufacture of semichemical 
pulp. One is the neutral sulfite process, in which sodium sulfite is the main cooking 
agent. Sodium carbonate is usually added to keep the pH on the alkaline side during 
the cooking process. As stated previously, this method of cooking removes only a 
small amount of the cementing material in the wood and, consequently, the cooked 
chips must be mechanically disintegrated. The disintegrators, or refiners, are usually 
machines equipped with a stationary and a revolving disk in each of which is mounted 
radially a series of knives or bars. The cooker! chips are fed to these refiners together 
with water and are broken down into fiber by the action of the bars in the disks. 
Other refiners have two stationary disks and one revolving disk working between the 
stationary ones. These machines are arranged for adjusting the clearance between 
the revolving and statiouary disks to such a tolerance as to defiber completely the 
softened chips. 

The other type of semichemical process is the semichemical kraft or sulfate process. 
This employs a cooking Liquor of the same composition as that used for normal sulfate 
pulp but at much higher dilution to avoid complete pulping action. 

Semichemical cooking is usually done in rotary digesters, which are discharged, ati 
the end of the cooking cycle, by removing the manhole cover and rotating the digester 
until the contents are discharged. 

Continuous Cooking. Recently much attention has been given to the develop- 
ment of continuous cooking processes, especially for semichemical and for kraft pulps. 
One process which has reached commercial application employs a series of pipes 
equipped with screw conveyors. These pipes are mounted horizontally and arranged. 
above each other with passages at opposite ends so that the contents are moved forward 
and continuously downward through the series of pipes to the final discharge point. 
Chips are compressed in a tapered feeding pipe to such a pressure as to prevent escape of 
gas or liquor and forced into the horizontal reaction chambers; steam and cooking liquor 
at cooking pressure and temperature are forced in with the chips and cooking proceeds 
as, the material passes downward through the series of horizontal pipes. By varying 
the number of horizontal chambers it is possible to achieve any degree of cooking de- 
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sired. At the discharge end of the system the softened and pulped material is forced 
again into a tapered pipe and finally discharged to a diluting chest, from which it goes 
to refiners and washers, The recovery system operates in the same mauner as with 
conventional cooking, A Swedish eontimious digester operates on the same general 
principle except that the actual pulping is done in a vertical digester about the size of a 
normal kraft cdigester but equipped with compression zones at the top anc bottem and 
heated by steam inlets through a band of strainers lovated around the center of the 
digester about midway between the inlet and outlet. 

Where a semichemical sulfate process is adjacent: ta or combined with a normal 
sulfate mill, the spent liquor from this process may be recovered in the kraft recovery 
equipment. Up te the present time no entirely satisfactory method has been clevised 
for the recovery of spent liquor from. the neutral sulfite semichemicnl process. This is 
somewhat of a drawback to the use of this process, from the point of view of both 
stream pollution and cost. of chenicals used; however, with high wood costs and with 
high yields the net result of the semichemical process is a much cheaper pulp. 


Bleaching 


The production of pulp for paper which is to he used for printing or writing neces- 
sitates the removal of colored residues in orcler to provide a satisfactory white back- 
ground. The degree of whiteness is determined hy the amount of light reflected from 
the surface of the material as compared with the light reflected from a standard white 
body. This standard white body is magnesium oxide. Light. of wave length 453 mu 
is used, ancl the reflectance from a pure magnesium oxicle surface is cousidered ag LO0%, 
reflectance. A pulp surface having a brightness of, say, 80 reflects 80% of the amount 
of light of the same wave length reflected from the pure magnesium oxide surface. 

The removal of color residue from the pulp is accomplished mainly through the 
use of certain oxidizing agents capable of destroying the color. The oxidizing agents 
employed must be relatively cheap and must have a minimum of degrading action on 
the material undergoing the bleaching process. The oxidizing agents used for the 
bleaching of chemical pulps will be diseussed in more detail following a discussion of 
the bleaching of groundwood. 


BLEACHING OF GROUNDWOOD 

As pointed out previously, groundwood, or mechanical pulp, is made up entirely 
of the whole-wood which has heen rechiced to pulp by the abrasive action of a suitable 
prinding wheel. The reasons for the low cost of groundwood are that no chemicals are 
consumed in its production and yery little of the wood substance is destroyed. For 
the manufacture of newsprint paper, groundwoorl from spruce and balsam is nsually 
bright enough. There are species, however, which must be given some type of bleach- 
ing to give a background of sufficient brightness, 

Early attempts to bleach groundwood were confined to the use of reducing agents. 
The first reducing agents to be employed were solutions of hisulfites. Mills producing 
newsprint paper which is made up of a mixture of groundwood and unbleached sulfite 
pulps had calcium bisulfite solutions available from the acid plant where the cooking 
liquor for the sulfite process was made. It was found that groundwood when treated 
with the freshly prepared raw acid and stored for a short time increased in brightness to 
some extent. This brightness increase, however, was by no means permanent and 
left much to be desired as far as total brightness increase was concerned. 
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The next attempt to bleach groundwood with reducing agents tivolved the use of 
either sodium hydrosulfite (dithionate), NavS.O,, or zine hydrosulfite, ZnS.O,. The 
hydrosulfite gave a much higher increase in brightuess and considerably greater per- 
manence. The bleaching af groundwood material from Western hemlock with lydro- 
sulfite was used to a considerable extent on the west coast and is still being used by 
newsprint mills in that area, Sodium bydrosulfite may be purchased as such, while 
zine hydrosulfite may be produced at the mill by passing sulfar dioxide into a shurry 
of gine dust. TL has heen found that approximately 0.5% atte hycrosulfite applied to 
the normal newsprint mixture of groundhyood and unbleached sulfite will increase the 
brightness betaveon 5 and 10%. Beeatse of the corrosive action of hydrosutfite solu- 
tions, it is desirable tq wash the pulp after bleaching to remove any excess of hydro- 
sulfite, which might reduce dyestuffs added to the pulp before conversion inte paper, 
and to prevent severe corrosion of brouze or copper equipment. 

The most recent development in the blegehing of groundwood is the use of either 
sodiam or hydrogen peroxide. These compounds are more expensive than the by- 
drosulfites but they are much move effective for increasing the brightness of ground- 
wood, The peroxides have a powerful oxidizing action on the lignin and coloring mat- 
ter of the groundwood, which results in bleaching without any considerable destruction 
of material. Furthermore, the use of the peroxides imparts a degree of opacity and 
improved surface characteristics whieh render peroxide-bleached groundwood espe- 
cially suitable for the manuufaeture of certain types of book and magazine paper and 
specialties such as paper toweling aud toilet tissue. The use of the peroxides for the 
bleaching of groundwood is inereasing rapidly becanse of the increased number of 
erades of paper which may be made successfully with peroxide-bleached ground- 
woods. See Hydrogen peroxide, Peroxides, inorgante. 


BLEACHING OF CHEMICAL PULPS 

Cotton and linen rags, which were the first raw materials for the manufacture of 
puper, were the first materials in whieh hypochlorites were used for bleaching. Both 
cotton and linen ave nearly pare cellulose requiring very little oxidizing material to 
destroy any residual color remaining after alkaline boiling and washing. It is rarely 
necessary to use more than 1% of chlorine in the form of hypochlorite to bleach cotton 
and linen rags to a satisfactory brightness. The situation with chemical pulps is, how- 
ever, quite different. In the sulfite process or the sulfate provess all of the lignin pres- 
ent in the original wood is not removed since a sharp reduction in yield results. 

It is customary to carry out the cooking process to a point where the maximum 
lignin removal is acconuplished with minimum degradation of the physical and chemi- 
cal quality of the remaining cellulose. The resulting nnbleached pulps are then sub- 
jected to chemical action which has as its objective the removal of residual lignin as 
well as the destruction of color. 

Sulfite Pulp. When unbleached sulfite pulp first appeared on the market, paper- 
makers who had been accustomed to the bleaching of cotton and linen rags naturally 
turned to the use of solutions of bleaching powder or calcium hypochlorite for the 
bleaching of sulfite pulp. 

It was soon discovered that the amount of hypochlorite required for the bleaching 
of pulp was much greater than that required for the bleaching of alkaline-cooked rags. 
For some years, however, solutions of calcium hypochlorite were used exclusively for 
the bleaching of sulfite pulp to a satisfactory brightness. When bleached with hypo- 
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chlorite alone at low consistence in the equipment normally usecl by papermukers, it 
required long periods of time or high temperatures. There was also a marked deg- 
radation in the pliysient aud chemical qualities of the bleached prochuct. 

Tt. was soon discovered that the first action of a solution of hypochlorite was to 
color the unbleached pulp a dark red. This dark red color rapidly disappeared and 
the solution in which the pulp was suspended assumed a dark brown color. If suf- 
ficient bleach Heuor had been added, this dark brown color gradually changed to a 
pale yellow aud at the sane time the pulp undergoing the bleachimy changect from the 
original dark red through ai orange and then a yellow, and finally assunied a satisfac- 
tory brightness. 

Tt occurred to the operators familiar with this bleaching progress that some of the 
bleaching solution employed was cousumed in the bleaching of the dark-colored liquor 
aid it was reasoned that splitting the bleaching operation into two stages might effect 
a cousiderable saving in hypochlorite. Following this line of reasouing it was found 
that if a portion of the bleaching Hyvor was first added to the pulp and allowed to ex- 
haust, much of the material was rendered soluble, forming a dark brown solution, 
which could be washed out. When the washed pulp was submitted to further bleach- 
ing action if required much less total ehlorine iu the farm of hypochlorite te bleach to a 
‘satistactory brightness. 

When eblorine is dissolved in water the following equilibrium is established: 

Ch + 20 Se HOC + OWOt 4 Clo 


An observation of the above equilibrium indicates that as dilution is increased the re- 
action is driven to the right. If there is an excess of hydrogen ions present in the solu- 
tion the reaction will be driven to the left. When ealeium hypochlorite is brought ito 
contact with an easily oxidized organic compound, the reaction results tn the formation 
of carbon dioxide ancl water if the compound is completely broken down or there may 
he liberation of organic acids such as formic and acetic acids. The liberated carbon 
dioxide reacts with calcium hypochlorite according to the following equation: 


Ca(QChe, & CO, + UeOQ ———— Cals + 2 HOC! 


Further liberation of acid drives the first equation to the left, and if the hydrogen 
in the organic material is easily substituted, the chlovine liberated will act by substitu- 
tion to form a chlorinated compound and liberate hydrochloric acid ; 


_ Ch + RH —-— RCI + HCl 


This will again serve to drive the equilibrium to the left and chlorination will continue 
witil all hydrogen atoms capable of substitution are replaced by chlorine. The snb- 
stituted compounds are water-soluble and are later removed by washing (see p. 275). 

Tt is thus seen that the first action of a hypochlorite solution 1s one of chlorination 
vather than oxidation wuless the mixture is kept strongly alkaliue,. Elemental chlo- 
rine is much cheaper than hypochlorite. It is, therefore, desirable first to chlorinate 
2 pulp to saturation, wash out the acid and soluble products of chlorination, and then 
subinit the pulp to oxidation under afkaline conditions, 

Two-stage hypochlorite bleaching was formerly used in pulp mills because. of a 
definite saving in chlorine and an improvement in quality. When liquefied chlorine 
became readily available, however, chlorination of pulp was adupled as standard 
practice, 
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Chlorination is usually carried out at fluid pulp consistency (that is, at a “consist- 
ence” or solids content, of 3-4%). The chlorination is more rapid as the temperature 
is increased, but because of the large volume of water involved, uo attempt is made to 
control the temperature in this stage of the operation; even with water at normal win- 
ter temperature the pulp ean be satisfactorily chlorinated in about 1 hour. The 
amount of chlorine usecl for the chlorination stage depends upon the “bleachahbility” 
of the pulp in question. The bleachability may be defined as the capacity of a pulp to 
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Courtesy Pulp Bleaching Ca, Courtesy Pulp Bleaching Coa, 
Fig. 4. Batch chlorinator for pulp. Fig. 5. Continuous chlorinator for 
pulp. 


bleach to a given whiteness. Usually 60-65% of the total chlorine as measured by the 
test bleachability or permanganate number of the pulp is utilized in the chlorination 
reaction, After exhaustion of the chlorine, the strongly acid mixture is thoroughly 
washed in an acid-proof vacuum washer, which 1s usually rubber-covered. The pulp is 
theu ready for further bleaching. 

Chlorination may be batchwise or continuous. or batch chlorination a definite 
weight of pulp on the cry basis is filled into a batch chlorinator and a weighed amount 
of chlorine based on the pulp bleachability is passed into the pulp mixture in the form 
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of w gas. For continnous chlorination, pulp of controlled consistence and known 
bleachability is pumped into the bottom of a tower of sufficient capacity to retain the 
pulp for approximately | hour’s exhaustion time. Gaseous ehlorine is fed at a eon- 
trolled rate into cither the bottom of the tower or into the suction of the pump feeding 
the tower with pulp. The fully chlorinated pulp is discharged at the top of the tower 
in the case of continuous chlorination, or chlorinated pulp from the bateh chlorinator 
is pumped from the chlorinator over a suitable vacuuin washer. Figure 4 is an eleva- 
tion of a batch chlortnator and Figure 5 is an elevation of 2 cuatinuous chlurinatar. 
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Courtesy Pulp Rleaching Coe, 
Fig. 6. Batch bleacher for pulp. 


After chlormation is complete, the pulp is washed and is then ready for the true 
bleaching process. In modern bleaching systems the chlorinated pulp is usually given 
a mild caustic extraction. For this caustic extraction the pulp coming from the vac- 
uum washer at a consistence of about 15% is treated with about 0.75% of caustic 
based on the pulp. This is done at normal mill temperature, after which the pulp is 
diluted and washed on a second vacuum washer aud the consistence inercased to 17 or 
18%. The bleachability of the chlorinated caustic-treated and washed pulp is deter- 
mined, and sufficient chlorine iu the form of hypochlovite is added to complete the 
bleaching and leave a slight excess of hypochlorite. Also, sufficient caustic soda is 
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added to maintain a pH of § or slightly higher at the end of the bleaching operation. 
This usually requires about 0.56% of caustic. Bleaching is usually carried out al a 
temperature belween 30 and 40°C. and the time required is about 244-34 hours. The 
bleaching operation may be carried out in batch bleachers such as that shown in Figure 
6. This bleacher consists of a vertical tank with a hemispherical bottom in which is 
mounted a vertical serew surrounded by a metal shroud. At the bottom of the shaft 
carrying the serew is a plow which conforms to the hemispherical bottom, This plow 
tends to force the pulp into the vertical screw, which carries it to the top, where it is 
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Courtesy Improved Paper Machinery Co, 
Fig. 7. Continuous bleacher for pulp. 


discharged and returns by gravity to the bottom, The size of the screw and the speed 
are so adjusted that the entire contents of the bleacher are turned over in 6-8 minutes. 
In this type of bleacher considerable internal friction develops between the fibers so 
that they are flexed and opened up to the action of the bleaching sohition, resulting in a 
clean, uniformly bleached product. 

The continuous bleacher illustrated in Figure 7 consists of a tile-lined tower slightly 
larger im diameter at the bottom than at the top. The capacity of the tower is such 
that the pulp will be subjected to the bleaching action for the time necessary to com- 
plete the bleaching ‘at the system rate of flow. Pulp, bleach liquor, and caustic in 
proper amounts are added in the mixer located at the top of the tower, This dis- 
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charges directly into the tower, which gradually filly. When the tower is filled, the 
plow at the base of the tower is started and the pulp is discharged at system rate of 
flow and at the same time diluted into a suitably ugituted tank beneath the tower. 
From this tank it ig pumped to a vacuum washer, where the products of the bleaching 
action are washed away. Mauy of these installations or equipment of a similar na- 
ture are in operation throughout the U.S. and Europe. For the bleaching of sulfite 
pulp the amount of chlorine in the form of hypochlorite required to produce a satisfae- 
tory brightness rarely exceeds 1&%, sinee most of the organie impurities and coloring 
matter are removed by the chlorination stage of the process. This is true of a wide 
range of bleachability because with the high bleachubility the chlorination stage re- 
moves more of the noncellulose material. 

Sulfate Pulp. The steps involved im the bleaching of sulfate pulp differ somewhat 
from the practice used in the bleaching of sulfite pulp. Wheu sulfate pulp is chlorin- 
ated, only a small amount. of the chlorination products goes inte sulution. The actual 
chlorine cousumption based on the test bleachability of the pulp is approximately the 
same as the sulfite pulp, but the chlorinated alkult lignin is almost entirely insoluble in 
acid solution. After chlormation, the pulp is thoroughly washed on an aeid-proof 
vacuum washer and is then extractecl with caustic soda. The amount of caustic soda 
used in this extraction will vary from 114 to 2% of caustic, based on the pulp, This 
extraction is carried out at a consistence of 10-12% and a temperature of 60-70°C. 
The extraction period is usually 14-1 hour, after which the pulp is diluted and thor- 
oughly washed. 

The chlorination and caustic extraction never reduce the bleachability in the case 
of sulfate as much as in the case of sulfite. Where the chlorination of sulfite and sub- 
sequent washing will reduce the test bleachability to ubout the equivalent of 0.6% 
chlorine, the chlorination of sulfate pulp and subsequent hot alkaline extraction will 
only reduce the bleachahility by about 609%, or to approximately 1.5% chlorine. 
Since the chlorine demand for the oxidative bleaching is relatively high, it is advisable 
to divide the hypochlorite bleaching into more than one stage to avoid too high a con- 
centration of lrypochlorite with respect to the pulp. 

After the chlorination and caustic extraction, the general practice is to bleach at 
12-14% consistence with 60-80% of chlorine, in the form of hypochlorite, based on the 
test bleachability of the pulp undergoing bleaching. This step in the bleaching proc- 
oss requires less time than is necessary for complete bleaching and the process is usually 
carried out until the bleaching agent is almost completely exhausted. Throughout 
this step, the pH is maintained at about 8.0 by the addition of caustic. The pulp is 
then washed and in some vases is given an additional caustic extraction, after which it 
is again washed and submitted to the final bleaching action with sufficient chlorine in 
the form. of hypochlorite to leave an excess of 0.2-0.8% chlorine at the end of a 3-hour 
cycle at a consistence of approximately 15% and a temperature not exceeding 40°C. 
with pH so controlled as not to fall belaw 8.0 at the end of the bleaching cycle. The 
pulp is again washed and, after washing, is treated with enough sulfur dioxide to lower 
the pH to between 5.0 and 6.0. The use of sulfur dioxide im the final treatment of 
sulfate pulp increases the brightness and the permanence of the color and at the same 
time reduces any ferric compounds to the ferrous state, Ferrie compounds are unde- 
sirable because of the color which they impart. : 

The bleaching process just described will, on many pulps, give a final brightness of 
about 83-84 with some degradation of both physical and chemical quality: 
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Since the early 1940's relatively new oxidizing agents, chlorine dioxide, ClO, and 
sodium chlorite, NaClO., have found increased use in the bleaching of sulfate pulp. 
Both of these compounds have been known for many years, but only recently have 
commercial methods been worked out for the production of chlorite or chlorine diox- 
ide. They are considerably more expensive as bleaching agents than hypochlorites, 
but they have a lower oxidation potential than hypochlorites and nuich less damage is 
done to cellulose fiber when bleached with these oxidizing agents. They are very ef- 
fective, however, in destroying both color aud noncellulosic residues. 

Chlorine dioxide is a highly explosive gas when in concentrated form, It dissolves 
in water to form a greenish-yellow solution baving powerful bleaching action. Chlo- 
rine dioxide may be produced by the reduction of an acid solution of sodium chlorate 
with sulfur dioxide diluted with air, This dilution is necessary because of the explo- 
sive nature of concentrated chlorine dioxide gas. The diluted chlorine dioxide is ab- 
sorbed in water to form the bleaching sohution, 

When using solutions of chlorine dioxide it is customary to bleach the pulp by 
conventional chlorine and bypochlorite stages to a final brightness of 80-82, the 
chlorine dioxide being ised only iu a final bleaching stage because of the relatively high 
cost of this bleaching agent. Chlorine dioxide is usually applied ata pH of 5-6 and at 
temperatures of 50-60°C. 

Sodium chlorite was first brought out in the U.S. by the Mathieson Chemical 
Corporation under the trade name Cy. It is a stable powder, readily soluble in water, 
which upon acidification acts as a powerful bleaching agent. It may also, however, 
be activated by sodium hypochlorite, and the bleaching may be done with this mix- 
ture under alkaline conditions, thus avoiding the use of acid-resisting equipment for 
the final bleaching stage. 

The use of sodium chlorite or chlorine dioxide results in much higher brightness 
with substantially no degradation of the cellulose fiber if the final bleaching process is 
carried out properly. It is customary to treat the pulp with sulfur dioxide after this 
final bleaching stage, as is normally done when hypochlorite is used alone for bleaching, 

Semichemical Pulp. The increasing production of soemichemical pulps has 
stimulated research on methods of bleaching these pulps and obtaining a high yield of ' 
bleached pulp for several types of paper. Some semicbemical pulps have been success- 
fully bleached with conithinations of chlorine and hypochlorite to a reasonably high 
brightness with yields in the vicinity of 60% bleached pulp based on the wood. his 
is considerably higher than the 88-42% yields obtained in the bleaching of normal sul- 
fite and sulfate pulps, and for many pulps these high yields are of distinct value from a 
conservation viewpoint. The manufacturers of sodium and hydrogen peroxides have 
recommended these products for use in the bleaching of semichemical pulp. They 
point out that the peroxides are capable of oxidizing the colored compounds without 
rendering them soluble, and consequently, the use of the peroxides aids in maintain- 
ing a high yield of the bleached product. 


PURIFIED PULP 


The vast rayon industry is based mainly upon the use of a purified pulp as raw 
material for the production of viscose rayon yarn. Cotton was the first raw material 
used for the manufacture of rayon, but the widely fluctuating price of cotton linters and 
its scarcity at. times resulted in the adoption of a purified wood pulp as raw material for 
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this industry. Most of the rayon pulp used for rayon yarn and staple fiber, and for 
cellophane utilizes specially purified wood pulp as raw material. Sulfite pulp has been 
the product generally used. The unbleached pulp produced for rayon manufacture 
is usually cooked to a lower bleachahility than pulp for the manufacture of paper, andl 
the cooking process is very carefully controlled. 

The bleaching process for this type of pulp differs somewhat from that used in 
the bleaching of pulps for papermaking purpuses. The pulp is first. chlorinated in the 
regular manner. It is then given a hot caustic extraction, using about 2% of caustic 
based on the pulp, at a temperature closely approaching 100°C. The purpose of the 
caustic treatment is to increase the alpbha-cellulose content of the finished pulp. The 
alpha content of a pulp is that portion of the pulp which is insoluble in 17.5% caustic 
soda under carefully controlled analytical conditions (TAPPI T 208 m-44). 

After the hot caustic treatment and thorough washing, the pulp is bleached with 
hypochlorite under conditions which will give a standard cellulase viscosity, which 
must be maintained withhi very narrow limits. The final viscosity is usually con- 
trolled through the use of some excess hypochlorite, and the bleaching-timne factor is so 
adjusted as to give the required viscosity within a prescribed time limit. This is usu- 
ally done by determining the viscosity of the caustic-treated pulp before the addition of 
hypochlorite. After the hypochlorite has reacted for a desired period, the viscosity is 
determined again and the total bleaching time to bring the viscosity to the required 
value is determined by extrapolation of the decreasing viscosity curve obtained by 
drawing a straight line through the two viscosity values just mentioned. 

Sulfite pulp prepared for the manufacture of other cellulose derivatives such as 
cellulose esters and cellulose ethers receive still more drastic purification than is nec- 
essary for rayon-type pulp. The o-cellulose content of rayon-type pulp should be 
about 92-94%, whereas that of pulp for cellulose esters and ethers should be above 
95%. The higher content of a-cellulose is usually obtained by nvuch more drastic hot 
alkaline treatment, which results ma considerably lower yield of the finally bleached 
pulp. 

The so called high-tenacity rayon used in the manufacture of tire cord and sume 
other rayon specialties has used a sulfite pulp of approximately the same quality as 
that made for cellulose esters and ethers. A special sulfate pulp has been developed 
for this purpose. Normal sulfate pulp, regardless of how highly it is purified, is not a 
satisfactory raw material for tire cord rayon or for cellulose esters ahd ethers. It has 
heen found, however, that if the wood chips are given an acid hydrolysis at elevated 
temperature prior to the sulfate couking process, this so-called prehydrolyaed sulfate 
pulp may be bleached and purified to give a satisfactory raw material for the mantfac- 
ture of both tire cord rayon and other cellulose derivatives, 


THE WASHING OF PULP 


Tn the description of the steps in the bleaching of pulp it has been pointed out that 
washing after each step in the process is necessary. This washing uses large volumes of 
water. Pulp cannot be successfully washed on a vacuum washer unless the con- 
sistence is reduced to about 1%. The discharge from the vacuum washer may be as 
low as 10%, consistence or as high as 20% consistence if suitable press rolls are used. 
Aside from the chlorination stage, substantially all of the other bleaching stages are 
varried out at a consistence of 10-16%. After each operation the pulp must be diluted 
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to approximately 1% before it is fed to the vacuum washer. This means that very 
large volumes of water are required for each washing step. It would be impractical 
to attempt to use fresh water for each of the washing steps because the total vohime of 
water necessary would be excessively large. The custom, therefore, is to use the prin- 
ciple of countercurrent washing as far as possible. Iresh water is always used to wash 
the bleached pulp after the final bleaching step. The effuent trom this final washing 
ig then used for dilution of the pulp for the next preceding washer. This method of 
operation is carried back through the bleaching process and the only water going to the 
sewer is that from the alkaline extraction and from chlorination. Tiven with the 
maximum conservation of fresh water, a2 mill manufacturing bleached sulfite or sulfate 
pulp will require between 60,000 and 90,000 gallons of filtered water per ton of pulp 
produced, or from 250 to 570 tons of water per ton of product. This figure, of course, 
includes the water used in the unbleached portion of the mill. 


Wood Pulp Production in the United States 


The production and consumption of all types of wood pulp have becn steadily in- 
creasing for many years. Ji the latter part of the 19th century and the early part of 
the 20th century, sulfite pulp and groundwood were the products most extensively 
manufactured in the United States. Following the intreduction of the sulfate process 
in Germany and the development of this industry in Scandinavia, large amounts of 
unbleached sulfate pulp were imported. The sulfate industry in the United States be- 
gan on @ relatively small seale, using as raw material spruce, balsam, tamarack, and 
jackpine grown in the northern part of the United States. arly in the 20th century 
the production of sulfate pulp from southern pine species hegan to develop and has 
since grown with great rapidity, Today comparatively little sulfate pulp is imported 
because of the great expansion of the industry tn the South and the recent expansion of 
sulfate production from waste wood on the West Coast. For the year 1952 the total 
production of wood pulp in the United States, according to the Pulp, Paper and Board 
Division of the Natioual Production Authority, was 16,467,000 short tous, divided as 
follows: 





Grade Production, L000 short tons 
Bleached sulfite... 2... eee ene 1,692 
Unbleached sulfite... cee eter teres 675 
Unbleached sulfate... 000.000. ene eee G,2L1 
Bleached sulfate... 0.0. eect ete eee e eee 2,083 
Semibleached sulfate... 0.0.0... cece eee ee 275 
Sods pulps. cece ccc cence eee eee e eee e eee ene es 425 
Groundwood....... re ne 2,380 
Special dissolving pulps. ........0.00. 0.00.0 e canes 706 
Semichemical und serconings.......0.0. 0.0000 eevee cece ee 961 
Defihered, exploded, ete. (see Wallboard).........- 00 cee ee 1,059 


In spite of the fact that new synthetic fibers and plastics are increasing each year, 
it is Interesting to note that cellulose as a basis for synthetic fibers and plastics is still 
increasing steadily. In 1950 the total pulp used for this purpose was 479,000 short 
tons, whereas in 1052 the production had increased to 706,000 short tons. 
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PULP COLORS. See Pigments (pulp and flush colors). 

PULVERIZING. Sec Size reduction. 

PUMICE, PUMICITE. See Abrasives, Vol. 1, p. +; Pigments (inorganic), Vol. 10, p. 
627. 

PUMPS, See Fluid mechanics (lransportation); Pressure technique, p. 128. 

PUNCHED CARDS. See ‘Mechanized searching’ under Literature of chemical tech- 
nology. 

PUNICIC ACID, CyltlL,COOH. See Fatty acids, Vol. 6, pp. 176, 279. 

PURGATIVES. See Cathartics. 
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PURINE, CH:N.CH:N.C:CLNH.CH:N; PURINES. See Alfaloids, Vol. 1, p. 474; 
Le 4 





Caffeine; Heterocyclic compotouls, Vol. 7, p. 489; Nucleic acids; Urie acid. 

PURPURIN, CHi(CO}C.H(OH)s. See Anthragutnone derivatives, Vol. 1, p. 953; 
duthraquinune dyes, Vol. 1, p. 960. 

PURPUROGALLIN, CiHyOs. See Pyrogallol, p. 316. 

PUTRESCINE, NH.a(CH2)aNHs. See Amines, Vol. 1, p. 707. 

PUTTY. Sce Calking compositions, Vol. 2, p, 791. 

PUTTY POWDER. Sce Abrasives, Vol. 1, p. 5. 

PVP. See “Polyvinylpyrrolidone” under Plasma expanders; Pyrrale; Reppe chemistry. 

PYCNOMETER. Scec Density and specific gravity, Vol. 4, p. 888. 

PYO (PYOCYANASE); PYOCYANINE, CisHiN.O. See Antibiotics, Vol. 2, pp. 12, 25, 
30. 

PYRANS, C;H.O. See Heterocyclic compounds, Vol. 7, p. 445. 


PYRATHIAZINE HYDROCHLORIDE. Sec Histamine and antihisiamine agents, Vol. 7, 
p. 472. 


PYRAZINE, N:CH.CH:N.CH:CH. See Helerocyelic compounds, Vol. 7, p. 451. 
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PYRANOSES. See Carbohydrates, Vol. 2, p..874. 

PYRANTHRENE, Caclie. See Hydrocarbons, Vol. 7, pp. 616, 650. 

PYRARGYRITE, Ag,ShSs. See Silver. | 

PYRAZOLE, . NH.N:CH.CH:CH; PYRAZOLINES, (C,H,N.; PYRAZOLONES, 


CsHN.O. See Heterocyclic compounds, Vol. 7, pp. 426, 430, 437. - 
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PYRAZOLONE DYES AND PIGMENTS. See Azo dyes, Vol. 2, p. 235; Pigments 
(organic), Vol. 10, p. 672. 

PYRENE, CigHip. See Hy?rocarbons, Vol. 7, pp. 615, 647. 

PYRETHRINS; PYRETHRUM. Sce Insecticides, Vol. 7, p. 888. 

PYRIDAZINE, N:N.CH :CH.CH: CH. See Heterocyclic compounds, Vol. 7, p. 451. 


PYRIDINE AND PYRIDINE BASES 


Pyridine (1), CsHsN (2.2. 200), is a tertiary heterocyclic amine which is produced 
in the carbonization of coal and is obtained primarily from the noncondensable 
coke-oven gases along with its homologs, the e-(2-), 8-(3-), and y-(4-)methylpyridines 
or picolines (CsH,N) (IT, IIT, PV). Pyridine, the picolines, and the higher homologs 
such as the lutidines (C;HyN) and the collidines (CgHiyN), which are found in the 
light-oil and middie-oil fractions from coal tar, are known as the pyridine bases: 
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In analogy with benzene and the benzene family of derivatives, there is a series of 
compounds which are derived from pyridine as the parent compound. Every type 
of benzene compound has its counterpart in the pyridine series (16,18), and nitrogen 
analogs of naphthalene compounds are found in the quinoline and isoquinoline series 
(sce Quinoline). 

The pyridine nucleus is found in members of several of the important alkaloid 
groups (see Alkaloids, Vol. 1, p. 476) such as the pomegranate, lohelia, hemlock, 
areca, and tobacco alkaloids. In addition, two B complex vitamins, nicotinic acid 
(q.v.) and pyridoxine (g.v.), are pyridine derivatives of great physiological as well as 
commercial importance. 

The pyridine bases were first isolated and characterized by Anderson in England 
in the years 1846-1857. a-Picoline, the first to be isolated as a pure substance, was 
obtained from the basic constituents of coal tar in 1846. Pyridine and several of its 
homologs were isolated from the oil produced by the dry distillation of hones shortly 
thereafter. The now accepted ring structure for these bases, as represented by for- 
mula (I) for pyridine, was postulated by Dewar and Kérner in 1869, five years after. 
Kekulé had proposed his classical structure for benzene. 

The pyridine bases have been available since 1860, when the first crude arrange- 
ments were made to condense the volatile products from the commercial coking process. 
The successful use of the first by-product coke oven in Germany in 1881 put the coal- 
tar industry on a firm basis. Although small amounts of coal-tar bases have been 
commercially available in the U.S. since the first by-product ovens were introduced 
in 1895, it was not until after 1920 that production began to expand rapidly. 
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Physical and Chemical Properties 
PHYSICAL PROPERTIES 


Pyridine has the following constants: m.p., —42°C.; bp., 115.3°C.; d®, 0.9780; 
np, 1.5073; vapor density (air = 1), 2.73; flash point (closed eup), 68°F.; ignition 
temperature, 900°F.; explosive limits (© by volume in air), lower 1.8, upper 12.5. 
Pyridine is a colorless compound when pure; in acid sohition it exhibits a strong 
absorption maximum (log ¢ = 8.75) at 255 my iu the ultraviolet region. It is a com- 
pletely water-soluble hase (K, = 2.3 & 10), which is weaker than its reduction 
product piperidine (A, = 1.6 & 10-*) but slightly stronger than aniline (kK, = 
3.8 X 10-"). Pyridine readily absorbs moisture from the air and forms an azeotrope, 
corresponding to CsHsN.3H20, which boils at 92-08°C.; it may be dried by azeotropic 
distillation with benzene or over potassium hydroxide or preferably barium oxide. 
Pyridine is an excellent solvent for most organic compounds and gives conducting 
solutions with many inorganic substances such as silver bromide, silver nitrate, 
cuprous and cupric chlorides, ferric chloride, mereurie chloride, lead nitrate, and 
lead acetate. 

A summary of some physical properties of the more important pyridine bases 
is given in Table 1. 


TABLE 1, Physical Properties of Pyridine Bases. 








B.p., AC. fib nh Ficrate mp., °C. 











Pyridine base Mop, °C. 
Pyridine (CiHsN) —42 115.3 0, 9819 1.5093 164 
Picolines (CsH7N): 
a-Picoline —64 128-129 0.9155 1.5020 169-171 
8-Picoline —17.7 143.8 0.9564 1.5049 149-150 
y-Picoline +4.3 145.3 0.9546 1.5040 167-168 
Lutidines (C;IT,N): 
2,3-Dimethylpyridine —_ 12-164 _ — 183-184 
2,4-Dimethylpyridine —_— 157-158 0.9332 1.5012 184-185 
2,5-Dimethylpyridine _ 157 ~ —_ 170 
2,6-Dimethylpyridine 5.9 Lit.4 0.9237 1.4971 163-164 
3,4-Dimethylpyridine —_ 168 .5~164 5 _— — 163 
3,6-Dimethy pyridine —_ 172 _ —_ 235-236 
2-thylpyridine — 148-149 0.9847 —_ 107.0-107.5 
3-Ethylpyridine _ 165 0.9421 1.5080 128-130 
4-Eithylpyridine _ 169.6-170.0 | 0.9417 1.5022 169-170 
Collidines (CgITy,N); : 
2,4,6-Trimethy pyridine ~46 170.3 0.9142 1.4981 156 
2-Methyl-5-ethylpyridine ~70,3 178.3 0.9208 1,4970 167-168 
2-Propylpyridine —_ 166-168 _ —_ 65 
REACTIONS 


Salt Formation. In addition to salts such as the hydrochloride (pyridinium 
chloride), CFHSN.HC! (better written [CsH,NH|+ Cl~), pyridine, as a tertiary amine, 
forms typical quaternary pyridinium salts (see Quaternary ammonium compounds). 
A vigorous exothermic reaction occurs when pyridine is mixed with methyl iodide; 
the product is N-(or 1-)methylpyridinium iodide, a water-soluble white erystalline 
solid, m.p. 116°C, The higher alkylpyridinium halides (such as N-cetylpyridinium 
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chloride, Ceepryn) are valuable cationic germicides and have been thoroughly investi- 
gated because of this property. The quaternary salt (III) derived from pyridine and 
chlorosulfonie acid is a valuable mild sullating agent for hydroxyl groups. Thus, 
phenol may he sulfated with this reagent without any danger of the nuclear sulfonation 
which occurs with sulfuric acid: 
CyH,OH ++ CsHsN—SO7; ——> CiHOSO; + CALNE 
(ay) 


The quaternary pyridinium hydroxides, such as V-methylpyridinium hydroxide (TV), 
are made by treating the quaternary halides with strong alkali or silver oxide, They 
are stable in solution but on oxidation give pyridones, such as (V): 


\ e scone S 
Q ae AE, CO on- ROMs (\.. 





+ + 
CHa CH, CH, 
(IV) (V) 


Reduction. ‘Pyridine is readily reduced cither catalytically (platinum catalysts 
in acid solution or Raney nickel in neutral solution), electrolytically, ov by sodium and 
alcohol to the saturated hexahydro derivative, piperidine (V1), which is a secondary 
amine (see p. 290): 
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1,2,3,6-Tetrahydropyridine (3-piperideine) (VID may be present in commercial 
piperidine, especially when it is manufactured by electrolytic reduction (3). Most of 
the pyridine derivatives can be reduced to the corresponding saturated compounds. 

Oxidation. Pyridine is oxidized to pyridine N-oxide, CsHs;N-O, by peroxy 
compounds such as peroxyacetic acid, monoperoxyphthalic acid, Caro’s acid, or 
peroxybenzoic acid, The product is a stable, hygroscopic, white, crystalline solid 
(m.p. 66-68°C.}, which has the properties of a typical amine oxide. The pyridine 
ring is very stable to oxidation by nitric acid, dichromate, and permanganate solutions; 
pyridine can, in fact, be used as a solvent for oxidations. Since the ring is extremely. 
resistant to oxidation, the pyridine homologs and derivatives give the corresponding 
pyridinecarboxyli¢ acids on oxidation. Thus, e-picoline gives picolinic acid; B- 
picoline, nicotinic acid; and y-picoline, isonicotinic acid. The catalytic vapor-phase 
oxidation of alkylpyridines in the presence and absence of ammonia has been studied 
recently (16a). 

The pyridine ring is more resistant to oxidation than the benzene ring under ordin- 
ary conditions, Accordingly, oxidation of quinoline (VIII) gives almost entirely 
qguinolinie acid (2,3-pyridinedicarboxylic acid) (TX), in which the benzene ring has 
been destroyed but the pyridine nucleus survives: 
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If heated above 180°C., the quinolinic acid decarboxylates to give nicotinic acid (X); 
this method is one of the commercial syntheses of this vitamin (see Nicvtinie acid). 
Isoquinoline undergoes a similar oxidation to give cinchomeronic acid (3,4-pyridine- 
dicarboxylic acid), which wuder more vigorous conditions (800°C.) is also decarboxyl 
ated to nicotinic acid. The vigorous oxidation of alkaloids containing pyridine, 
quinoline, and isoquinoline rings therefore leads to pyridinecurboxylic acids and thus 
gives valuable degradative information as to the structure of such alkaluids. 

Substitution. Pyridine undergoes the usual substitution reactions of the benzene 
series ouly with great difficulty, and the Friedel-Crafts reaction does not take place 
atall. An entering nitro, bromo, or sulfonic acid group substitutes in the S~position 
at approximately 300°C, This “meta” direction and difficulty of substitution is 
aualogous to the properties of nitrobenzene; in fact, nitrobenzene and pyridine show 
many similarities in reactivity. The preseuce of an ortho-para-directing group in the 
pyridine nucleus greatly facilitates these substitution reactions just as it does in the 
benzene series. 

Nitration. Pyridine can be nitrated only with difficulty aud im poor yield at 
800°C. with potassnum nitrate iu fuming sulfuric acid to give 3-nitropyridine. This is 
consistent with the attack of a NOt jon on the positively charged pyridinium ion. 
A negatively substituted pyridine derivative such as 2-arainopyridine nitrates in good 
yield with fuming nitric acid in conceutrated sulfuric acid at 40°C.; im this case the 
product is primarily 2-amino-5-nitropyridine with some 2-aumino-3-uitropyridine. 
The 2- and 4-nitropyridines cannot be obtained by direct nitration, but ean be pre- 
pared by oxidation of 2- anc 4-aminopyridines, 

Sulfonation. Pyridine sulfonates at 300°C, to give 3-pyridinesulfonic acid in fair 
yield. Other pyridine homologs also sulfonate in the B-position. Pyridine derivatives 
with « sulfonic acid group in the 2- or 4-position cannot be made by direct sulfonation, 
but are formed by the nitric acid oxidation of the corresponding mercaptan, 

Bromination. Pyridine reacts in the cold with bromine to form an addition com- 
pound, pyridine perbromide, which is usetL as a mild brominating agent. This per- 
bromide forms a hydrobromide which on heating to 200°C. is transformed into a mix- 
ture of 8-bromopyridine and 3,5-dibromopyridine. Pyridine and bromine vapors 
react at 300°C. in the abseuce of a catalyst to give 3-bromopyridine (45-55% yield) 
and 3,5-dibromopyridine (85-40% yield); when the temperature is raised to 500°C., 
the products are primarily 2-bromopyridine (45-50%) and 2,6-dibromopyridine 
(15-20%). The fact that the pyridine ring survives the action of bromine at 500°C. 
is evidence of the extreme stability of this nucleus. 

Amination (14). Pyridine reacts with sodium amide in V,N-dimethylaniline at 
180°C. to give 2-aminopyridine (Chichibabin reaction}, which is au important inter- 
mediate for the manufacture of sulfapyridine (see Sulfa drugs) and several of the 
antihistamine drugs (see Histamine and antihistamine agents, Vol. 7, p. 469). Further 
reaction gives 2,6-diaminopyridine: 
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The homologs of pyridine also undergo this reaction; thus, the isomeric 3-, 4-, 5-, and 
6-methyl-2-aminopyridines, as well as 2,6-diaminopyridine, are obtainable by this 
reaction, which does not have a useful counterpart in the benzene series (see Am- 
monolysts, Vol. 1, p. 842). 

Arylation. Pyridine reacts with aryldiazonium halides with resultant substitution 
of the aryl group in the pyridine nucleus to give a mixture of a-, 8-, and y-arylpyridines 
in which the e-isomer predominates (10). 

Alkylation. Though pyridine will not undergo allylation by the Friedel-Crafts re- 
action, pyrolysis of N-alkylpyridinium iodides results in rearrangement to a mixture of 
2- and 4-allcylpyridines; this is known as the Ladenburg synthesis (18). A complex 
reaction which leads to 4-alkylpyridines involves treating pyridine with acetic anhy- 
dride (or a higher homolog) and zine dust followed by heating with acetic acid; 4- 
ethylpyridine (or a higher homolog) is formed (ba). 

Condensation. The methyl groups of e- and y-picoline show many reactions 
which indieate that they possess active hydrogens. They differ in this respect. from 
the methyl group of @-picoline and its derivatives. Jor example, a-picoline reacts 
with paraformaldehyde at 200°C. to give a 70% yield of 2-(8-hydroxyethyl) pyridine 
(2-pyridineethanol) (XT), which readily dehydrates to 2-vinylpyridine (XTX), a 
pyridine analog of styrene: 
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In « similar manner, upon refluxing in acetic anhydride, benzaldehyde condenses 
directly with a-picoline to give stilbazole (2-styrylpyridine). The comparable re- 
action with the quaternary methiodide of e-picoline takes place under much milder 
conditions. «-Picoline will react with sodium or potassium metal to give a salt, (XIII) 
which will in turn react with carbon dioxide, alkyl halides, benzyl halides, aldehydes, 
or ketones as a typical organometallic compound (¢.2.). This reaction has been used. 
for instance, for the synthesis of ethyl 2-pyridineavetate (XTV) and 2-n-amylpyricline 
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Special Reactions. 2-Hydroxypyridine (2-pyridol or 2(1/)-pyridone) shows 
reactions which may be correlated with either of the tautomeric structures (XVI) or 
(XVID), and the names for the enol and keto forms are accordingly used interchange- 
ably. Thus, treatment of this compound with phosphorus oxychloride or phosphorus 
pentachloride results in the formation of 2-chloropyridine (XVIIL). Treatment of 2- 
hydroxypyridine with diazomethane gives only 2-methoxypyridine (XIX). On the 
other hand, treatment of 2-hydroxypyridine with methyl iodide results in the formation 
of 1-methyl-2(17)-pyridone (XX). 

A similar tautomerism exists in the case of 4-hydroxypyridine (KX XII@XXXIID 
and its derivatives, but this is not possible with 3- hydroxypyridine, which shows more 
or less typical phenolic reactions. : 
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Th an analogous manner, 2- and 4-cminopyridines and their derivatives react in 
either an amino form (XXT) or an imino form (XNID.  2-Aminopyridine reacts with 
sodium amide and methyl iodide to give 2-methylaminopyridine (XXIII), but with 
silver oxide and methyl iodide to give predominantly N-methyl-2-pyridonimine 
(l-methyl-1,2-cdihydro-2-iminopyridine) (XXIV): 
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The amino group in 3-aminupyridine cannot exist in such tautomeric forms and con- 
sequently shows reactions very similar to the amino group in aniline. 

The halogen atoms in 2- and 4-chloropyridines readily react with water, ammonia, 
amines, or mereaptans just as do the halogen atoms in o- and p-chloronitrobenzenes, 
but in contrast to the inert character of the chlorine atom in chlorobenzene itself. 


Analysis 


In the absence of other nonvolatile organic bases, pyridine may be determined 
by steam distillation and titration of the distillate to a methyl orange end puoint. 
Tn crude ammonium sulfate, it is determined by converting the ammonia to nitrogen 
with hypobromite before steam distillation (7). Pyridine may be detetmined in petro- 
leum fractions by extracting with dilute phosphoric acid and measuring the optical 
density of a suitable dilution of the extract in the ultraviolet at 255 mp, where pyridine 
shows a sharp maximum; quinoline does not interfere (15), but the pyridine homologs 
do. As little as 0.01 mg. of pyridine per liter of air can be determined by this method 
(12). The percentage of pyridine in crude mixtures containing 40-959 pyridine in the 
presence of its homologs may be determined on. the basis of the slight solubility of 
pyridine perchlorate in cold water. The crude pyridine sample is neutralized with 
perchloric acid and the clearing point on dilution under controlled conditions is ascer- 
tained (8). 

One of the most sensitive color tests used for both qualitative and quantitative 
determinations of pyridine (and pyridine derivatives, such as nicotinic acid (9), which 
have an unoccupied a-position) depends upon a reaction with cyanogen bromide 

and an aromatic amine such as aniline or a-naphthylamine. An unstable quaternary 
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salt, is formed which is hydrolyzed, with cleavage of the pyridine ring and formation of 
a highly conjugated, deep red glutaconaldehyde derivative (XXV): 
10 
2 CoHsNTle 
C.H,N==CU-—CH==CH—CH=-CH—NILCyHs + HaNCN 
(XXV) 


CNBr . + 
C.HsN -——> (HsN-—CN Bro 


Pyridine may be determined in yuantities from 100 micrograms to 0.1 mivrogran per 
100ml. by this colorimetric method (21). Other strongly negatively substituted pyridin- 
ium salts such as 2,4-dinitro-N-phenylpyridinium chloride give highly colored solu- 
tiong in a similar manner. 


Manufacture 


The potential percentage of pyridine, picoline, and other pyridine bases recover- 
able from the coking process (see Carbonization, Vol. 3, p. 156) is extremely small, 
being only about one part in thirty thonsand (22). Approximately 3% of the coal 
mined in the United States is converted to coke; this amount is determined by the 
requirements of the steel industry. The resulting volume of production of pyridine 
bases con be inereased only moderately by more efficient aud complete recovery. 
These limitations ate such that no large-seale expanding mdustry can be based on 
pyridme or picoline from the coking process. The only relief for this situation is an- 
other source; for this and other reasons, many synthetic routes to pyridine and pyri- 
cline derivatives have been investigated, These investigations have led to the large- 
scale commercial development. of a synthetic process for 2-methyl-5-ethylpyridine 
based on acetaldehyde and ammouia (see p. 287). Tn addition, commercial synthetic 
processes for sym-collidine (2,4,6-trimethylpyridine) from acetone and ammonia, for 
isonicotinie avid from citric acid (see p. 290), and for pyridoxine (sce p, 298) from 
special aliphatic starting materials have been developed. 


PROCESSING OF PYRIDINE BASES FROM BY-PRODUCT COKE OVENS 

The pyridine and pyridine bases produced in the coking process are recovered 
from two sources: (2) from the ammonia saturator liquor, that is, the mother liquor 
from the ammonium sulfate evystallization, at the by-product coal carbonization plant 
(11); and (@) from the coal tar at the tar refining plant from a low-boiling fraction 
variously designated tar-acid oil, Nght curbolic oil, or middle ofl (20) (see Tar and pitch). 
The major fraction of the pyridines and picolines comes from the ammonia saturator 
liquor, while the less volatile and less water-soluble higher alkylated pyridines, as well 
as the qnioline bases, come from the coal tar fractions. The gases as evolved trom 
the coke oven contain approximately 0.15 pound of total pyridine and quinoline bases 
per ton of coal coked. Of this, about 60% is carried aloug with ammonia to the am- 
monia saturator liquor, where it is separated from the mother liquors of the ammonium 
sulfate crystallization. The remaining 40% condenses with the coal tar and is re- 
cavered at the tar-distiller’s plant,.where the coal tar is fractionated in pipe stills. 

The separation of pyridine and the pyridine bases from the lower-botling coal-tar 
fractions is the easier process und consequently was used exclusively prior to the in- 
creased demand for pyridine. This separation depends upon the basic nature of these 
compounds as compared to the neutral hydrocarbons and acidi¢ phenols and cresols. 
Distillation of the crude coal tar gives a fraction from which the naphthalene is allowed 
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to crystallize in cooling paus and is removed hy centrifugation. The mother liquors 
are sent to wash tanks, where they are extracted with caustic soda to remove the tar 
acids (phenol, cresol, etr.). The oil which has been freed of naphthalene and tar 
acids is distilled and the distillate is charged to acid wash tanks, where the pyridine 
bases are converted to the water-soluble sulfates with sulfuric acid. The acqueons 
Jayer is separated from the insoluble neutral oil by decantation and, if necessary, is 
steamed to volatilize small amounts of otf which may be earried over inte the water 
layer. The acid solution of the pyridine bases is then charged to neutralizing tanks, 
where the free bases are sprung by auction of caustic soda or ammonia solution, The 
cvude wet. pyridine bases are dried by azeotropic distillation with benzene and refined 
by fractional distillation, Earlier processes employed drying over caustic soda. This 
material from the coal tar gives some pyridine and picolines but chiefly the higher 
alkylated pyridine and quinoline hases. 

The pyridine bases which are carried along with the ammonia to the ammonia 
recovery system ure separated at the ammouia saturator, where the ammonia is con- 
verted to ammonium sulfate by treatment with sulfurie acid. The ammonium sulfate 
crystallizes from the saturated solution, leaving the ammonia saturator Liquor, in whieh 
the concentration of the sulfates of the pyridine bases may }uild up to 6% unless re- 
moved. In one separation process used in the semidirect ammonia recovery method, 
the mother Kquors which drain from the ammonium sulfate crystals before centvif- 
ugation are charged to a continuous neutralizing still, where ammonia vapors from an 
ammonia still liberate the weuker pyridine bases. The free pyridine bases distill and 
the effluent ammonium sulfate solution at pH 6-7 is continuously withdrawn from the 
bottom of the still and returned to the ammonia saturator. The distillate from the 
head of the neutralizing still separates into two layers; the upper luyer of pyridine 
bases is decanted, and the luwer layer of ammonium salts, largely ammonium carbonate 
is returned to the ammania recovery system. In this manner the coucentration of the 
pyridine bases in the ammonia saturator liquor is maintained at about 1%. The 
layer of crude pyridine bases contains approximately 15-20% water; it is dried by 
azeotropte distillation with benzene. The erude dried pyridine is distilled and is sold 
in several grades: technical grade (denaturing grade pyridine, b.p. 115-145°C,), 
refined grade (2° pyridine, b.p. 118.5-115.5°C.), and further refined grades—reagent, 
e.p., and medicinal--for special purposes. Pyridine can be shipped im drums, barrels, 
cans, and bottles; a red I.C.C, shipping label is required. 

The next fraction, boiling at 128-129°C., is e-picoline and constitutes 10-15%, 
of the crude. The fraction boiling at 143-146°C. is primarily a mixture of 8-picoline 
(b.p. 148,8°C.), y-picoline (bp. 144°C), and 2,6-lutidine (bp. 144.4°C.). This 
mixture, which cannot be separated by simple fractionation, is known as the “s- 
pieoline fraction” and constitutes about 4-8% of the crude. A mixture of higher 
alkylated pyridines is separated up to 184-185°C., where aniline (about 4% of the 
erde) distills and a residue of quinoline bases (about 15°) is left. 

The separation of the @picoline fraction into its components (about 40°% B+ 
pieoline, 45% y-picoline, and 15% 2,6-lutidine) is a special and difficult problem, and 
the cost is such that this has so far been done only in pilot-plant quantities. The 
2,6-lutidine may be separated from the B- and y-picoline as a crystalline urea addition 
compound. The 8-picoline fraction may be separated into its components by very 
efficient azeotropic fractionation with water (25) or with acetic acid (2). 6-Picoline 
may be also obtained pure from the #-picoline fraction by treating the mixture with 
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an organic anhydride such as phthalic anhydride (27) or an aldehyde (26), which com- 
bines with the artive methyl groups of y-picoline and 2,6-lutidine (and e-picoline if 
this has not been removed by fractionation) but leaves the A-picoline unchanged 
(see “Condensation,” p. 282). 


ECONOMIC ASPECTS 

Because of increaged demands for pyridine and pyridine bases, while production 
from the coking process has more or less reached a ceiling and remained approximately 
constant, the price of refined pyridine has risen steadily from 40¢ per pound in 1942 to 
$1.05 per pound in 1953. The supply of picolines is seriously limited by the same 
considerations; their total production in 1950 (497,000 lb.), which sold for 28¢ per Ib., 
was less than one-thousandth of the production of styrene in the same year (539,379,- 
000 Ib.), which sold for 12¢ per pound. 

The U.S. production of pyridine (crude and refined) and of the picoline is given 
in Table II, as well as the average market price of crude pyridine (data from U.S. 
Tariff Commission Reports). 


TABLE II. U.S. Production of Pyridine Bases. 














Pyridine 

Crude Refined Picoline® 
Year Production, gal. ” Price, 3/gal. Production, th. : Production, Ib. 
19-45 587,000 1.55 1, 863,000 751,000 
1946 . 330,000 1.55 1,747,000 458,000 
1947 478, 000 1.55 ‘1, 949,000 583 , 000 
1948 417,000 1.55 1,761,000 519,000 
1949 396,000 2.50 1,769,000 512,000 
1950 428,000 2.50 1,778,000 497 ,000 
1951 537,000 2.70 2,135,000 879, 000 
1952° 420,000 1,841,000 1,076,000 





® One gallon of crade pyridine is approximately 8.1 pounds. 
» Total for 2-, 3-, 4-, and mixed 3-, 4-picolines, 
¢ Preliminary. 


Synthesis of Pyridine Compounds 


; PYROLYTIC METHODS 

The pyrolysis of coal is actually a synthesis of pyridine, sinve the pyridine is not 
present in the coal as such but is formed during the coking process from ammonia or 
nitrogen-containing compounds and unsaturated or potentially unsaturated aliphatic 
compounds (see Carbonization, Vol. 8, p. 156). Pyridine derivatives have also been 
isolated from petroleum distillates, but it is doubtful whether these compounds exist in 
the native petroleum. By using specific unsaturated substances and passing them 
with ammonia through a heated reactor, various syntheses of pyridine have been 
achieved. These methods are of considerable interest since they represent potential 
sources of pyridine compounds independent of the coal tar industry (18). When a 
mixture of ammouia and acrolein is pyrolyzed, 6-picoline can be isolated from the dis- 
tillate. In a similar manner, acetylene and ammonia, vinylacetylene (1-buten- 
3-yne) and ammonia (23), or acetylene and hydrogen cyanide react when passed 
through a hot tube (850~-500°C.) over a metal oxide catalyst to give a mixture of pyri- 
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dine bases in poor yield. Heating ethyl aleohol at 30 atmospheres with ammonia and 
hydrogen in contact with an oxide catalyst af thavium, zine, aluminum, or silicon 
gives a mixture of bases containing pyridine, the three picolines, und some lutidines and 
collidines, Acetaldehyde and ammonia react when passed over an aluminum oxide 
eutalyst in the vapor phase at 380°C. Lo give 2 similar mixture of pyridine bases (1). 


ALDEHYDE COLLIDINE SYNTHESIS 
Aldehydes and ketones react with ammonia under proper conditions to give fair 
yields of pyridine compounds. ‘This reaction has been referred to as the Chichibabin 
synthesis. The reaction of paraldehyde with aqueous ammonia at 200-240°C. to 
give 2-methyl-5-ethylpyridine, called aldehyde collidine, is used commercially (see 
below). ‘The reaction is applicable to other aldehydes and ketones; syme-collidine 
(2,4,6-trimethylpyridine) (XX VI), is made in a similar manner from acetone and 
ammonia, the extra carbon atom appearing as methane: 
CH; 
3CH.COCK: ++ NI; ——> __ | + CH, +3 H.0 
HC Ne Ci, 
(XXXVI) 


A mixture of acetaldehyde, benzaldeliyde, and ammonia, when heated over an ahi- 
minum oxide catalyst, gives 4-phenylpyridine with some of the a-isomer; benzaldehyde, 
acetone, and ammonia give 2,4-dimethyl-4-phenylpyridine as the predominant prod- 
uct. 

Manufacture of 2-Methyl-5-ethylpyridine (5-Ethyl-2-picoline, MEP). The in- 
herent limitations of the coking process as a source of pyridine bases hus resulted in the 
commercial development of the aldchyde collidine process (6). ‘he reaction which 
takes place when paraldehyde and aqueous ammonia are heated at 200-250°C, has 
been reported to give yields as high as 70-80% of 2-methyl-5-ethylpyridime (X XVII) 
along with 5-10% of e-picoline as by-product: 


~ TO SCHiCH: . 
CH,CHO + NH; ——> | | 4 | } 
HC N? Wc Ne 


(XXVII) 


In the commercial process, acetaldehyde is first polymerized to the liquid trimer, 
_ paraldehyde, by treatment with an acid catalyst. The catalyst is neutralized and the 
paraldehyde is heated with a sixfold excess of ammonia in the presence of ammonium 
acetate as catalyst at 200-250°C. for approximately one hour. The reaction mixture 
is fractionated, the ammonia is rerycled and the lower-boiling by-products (a-picoline 
aud some pyridine) are separated from the 2-methyl-5-ethylpyridine. A continuous 
process has been patented (24). 
2-Methyl-5-ethylpyridine has the following properties: f.p., —70.3°C.; b.p., 
178.3°C.; sp.gr., 0.9215; solubility in water at 20°C,, 1.22% by weight. It may 
be subjected to nitric acid oxidation to the corresponding dicarboxylic acid; at an 
alevated temperature the carboxyl group in the o-position in the pyridine ring is lost 
as carbon dioxide, and the vitamin nicotinic acid (q.v.) (niacin) is produced in 75% 
yields. Alternately the 2-methyl-5-ethylpyridine may be catalytically debydro- 
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genated at an elevated temperature in the presence of an inhibitor to give 2-methyl- 
5-vinylpyridine (MVP): 


( SSCOOH | a) oxidation ( year _ | CH=CH 
_t)_oxidat om, 
j (2) heat TLC! HC 


ne SNV 








2-Methyl-5-vinylpyridine is known to be a valuable copolymer which with buta- 
diene and styrene produces « synthetic rubber with superior properties (6). Its in- 
corporation in the acrylonitrile polymers greatly enhances the dyeability of the re- 
sulting fibers. 2-Methyl-5-vinylpyridine has also been made into a polymer which 
shows excellent anion exchange properties. 

2-Methyl-5-ethylpyridine has also been suggested as an intermediate in the prepa- 
ration of cationic quaternary surface-active agents. . 

The demands for its use in the production of nicotinic acid are well established; 
if demands for dehydrogenation to 2-methyl-5-vinylpyridine develop as expected, 
production of 2-methy}-5-ethylpyridine may reach ten million pounds per year by 
1955. The commercial production was estimated to he in excess of one million 
pounds per year for 1952. This would be a major percentage of the total production 
of pyridine bases, since the present output from the coking process is about 5 million 
pounds per year. The price of synthetic 2~methyl-5-ethylpyridine was 46¢ per pound 
in tank lots and 4734-484 per pound in carload lots im March 1953, and will undoubt- 
edly drop as production increases. 


UANTZSCH SYNTHUNIS 
Tf acetoacetic ester is condensed with an aldehyde such as acetaldehyde in the pres- 
euce of ammonia, a dihydropyridine derivative (XX VID) is formed. This is the 
Hantasch pyridine synthesis, a general procedure which is adaptable to many variations 
by altering either the aldehyde or the B-keto ester. Since the dihydropyridine de-~ 
rivative is readily oxidized by nitric acid to a pyridine derivative, this serves as a 
convenient and widely applicable method of preparing substituted pyridines: 


CHs H CH; 
\7 





HC-=0 
O;H,00C-—CH, H,C-~COOCH, CyIT,00C/ YCOOG:Hs Non 
+ | —_——> | —~——_—_ 

H,C—C==0 O=<C—CHy HCl lem 

ONE, 
it 

(XXVIII) 
CH, CH, 
CHOC /\COCe é 

| 


. ———> 
AiCog CH HC Sy CH 





The resulting ester may be hydrolyzed and decarboxylated; so this method constitutes 
au alternate route Lo pyridine bases such as sym-collidine (X XVI) or 2,6-lutidme. 

A. nitrogen-containing compound can be used as one of the reactants, Thus 
ethyl cyanoacetate reacts with ammonia and a @-diketone such as acetylacetone 
(2,4-pentanedione) to give 2-hydroxy-3-cyano-4,6-dimethylpyridine (XXIX): 
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CH; 
| 
Coa! 
ty ‘ CH, 
Th 'Hy~CN A, 
HC I. 0 + QO i. sen ( \ 
PL CC eet er(-—-OCH, 1 
NH HCL gO 
(XXIX) 


This reaction has been known as the CGuareschi method; many diverse applications 
are possible through suitable variations of the B-diketone. Instead of ethyl cyano- 
acetate and ammonia, cyanoacetamide may be used. Thus cyanoacetamide reacts 
with ethoxyacetylacetone to give 3-cyano-4-ethoxymethyl-6-methyl-2(1 )-pyridone, 
an intermediate in the commercial synthesis of pyridoxine (qu). 


SYNTHESIS FROM PYRONES 
The pyrones (see Vol. 7, p. 446) are closely related to the pyridones and readily 
react with ammonia to replace the ring oxygen atom with nitrogen. Chelidonic acid 
(XXX), for instance, reacts with ammonia to give chelidamie acid (XXX). Since 
this acid is readily decarboxylated, it serves for a useful synthesis of 4-hydroxypyridine 
(4(1H)-pyridone, y-pyridone) (XXXU=XXNIID: 





9) Q a) 
I I i OH 
() NHs () ~— 2 COg 0 q 
i? > 4] oF ie 
HOOCK 5 /COOH HOOG x/COOH x wy 
(XXN) (NXT) (XXXII) (XXXDD 


Many other pyridine derivatives have been made in a similar fashion. 


SYNTHESIS FROM PYRROLES 


The five-membered ring of pyrroles can be expanded by two methods to the six- 
membered ring of pyridines (see p. 845). 


Toxicity 


Pyridine and the pyridine bases are decidedly toxie to humans; daily doses of 
0,83-1.5 ml. of pyridine orally are tolerated, but doses of 1.8-2.5 ml. per day are toxic 
and result in serious hepatic and renal damage and may terminate in death (19a). 
The maximum allowable concentration in air for prolonged periods is 5 p.p.m. (4). 
Pyridine is detoxified in the dog by conversion to N-methylpyridinium hydroxide. 


Uses 


Pyridine and the pyricine bases, especially in the unrefined form from coal tar, 
have a very disagreeable odor and have been used for the denaturing of ethyl aleohol. 

The use pattern for the pyridine bases has chauged rapidly in the last few years. 
In the crude form, the pyridine bases are used primarily as solvents but also as volatile 
water-soluble organic bases for neutralizing acid mixtures. Approximately 25% of the 
refined pyridine is used for the preparation of textile water-repellent agents (Zelan or 
Velan); about 40% goes into various medicinal products such as antiseptics (cetyl- 
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and laurylpyridinium chlorides), sulfapyridine and a group of antihistamine drugs 
prepared from 2-aminopyridine, and 2,6-diamino-3-phenylazopyridine hydrochloride, 
a pyridine dye used as a urinary analgesic and antiseptic; the renuuinder of the re- 
fined pyridine is used in micellaneous ways: for reduction to piperidine (CsHWN, a 
valuable secondary amine, see below), for conversion to special chemicals for the rubher 
industry, and as a reagent and solvent in organic chemistry. In this last application 
pyridine has been used extensively in the Karl Fischer reagent (17) for the deter- 
mination of moisture, ag an acid aeceptor in dehydrohalogenations and acylations, 
and in the Darzen procedure of converting an alcohol to the corresponding chloride 
by treatment with thionyl chloride in pyridine. Other pyridine bases are converted 
into nicotinic acid and two important vinyl monomers, 2-vinylpyridine and 5-vinyl- 
2-methylpyridine. 


Derivatives 


Piperidine (hexahydropyridine) (VI), CsHfuN, formula weight 85.15, mp. —9 
to ~17°C., b.p. 106°C., di? 0.8622, K, 1.6 X 107%, is a colorless liquid with charac- 
teristic armoniacal odor, similar to that of the aliphatic amines of about the same 
formula weight, It is miscible with water and most solvents. Its chemical properties 
are those of a secondary amine, and it is a much stronger base than ainmonia (A, 
1.8 X 10-5) or pyridine (A, 2.8 X 10). Piperidme forms salts such as the hydro- 
chloride, nitrate, and picrate, and ring-substituted devivatives analogous to pyridine 
derivatives. The homologs of piperidine can be produced by reduction of the corre- 
sponding pyridine homologs in acid solution and include the pipecolines (methyl- 
piperidines) and the lupetidines (dimethylpiperidines). In addition, V-derivatives of 
piperidine are well known, for exainple, N-alkyl derivatives and N-acyl derivatives 
such as NV-acetylpiperidine and N-benzoylpiperidine. The N-alkylpiperidines may be 
synthesized by the alkylation of piperidine or by the action of a primary amine on 1,5- 
dihalogenated pentanes. 

Piperidine can be oxidized to pyridine by concentrated sulfuric acid at 300°C., 
by silver acetate in acetie acid solution, or by nitrobenzene. ‘The unsubstituted piperi- 
dine ring is difficult to rupture by oxidation, except with potassium permanganate, 
but substituted rings are more casily broken. 

Piperidine is found in small quantities in black pepper, and can be obtained in 
larger quantities by hydrolysis of the piperine in pepper, by heating with potassium 
hydroxide (see Vol. 1, p. 476), It is usually synthesized by the reduction of pyridine 
(see p. 280). 

The production of piperidine in 1951 was 225,000 Ib., and the price in April 1953 
was $2.90-3.00 per lb., for the distilled grade, in 55-gallon drums at the works, 

Important derivatives of piperidine include the analgesic meperidine hydrochloride 
(the ethyl ester of 1-methyl-4-phenyl-4-piperidinecarboxylic acid hydrochloride—see 
Vol. 1, p. 852), piperidones (ketopiperidines), and coniine (2-n-propylpiperidine) 
(see Vol. 1, p. 477). 

Nicotinic acid (3-pyridinecarboxylic acid, niacin, US.P. XIV), C;AsNCOOH, 
is now produced commercially by oxidation of 2-methy]l-5-ethylpyridine as well as of 
quinoline (see Vol. 9, p. 306), 

Isonicotinic acid (4~pyridinecarboxylic acid), CsH,;NCOOH, has recently assumed 
importance because of the antitubercular action of its hydrazide (Nydrazide, Cotina- 
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au, Isoniazid, Rimifon, Marsilid) (see Tubereulostatic agents). The acid can be made 
by the oxidation of y-picoline (see also Vol. 9, p. 310). Because of the difficulty of 
separating the y-picoline from the S-isomer and because of the limited supply of y- 
picoline, alternative syntheses from synthetic 4-ethylpyridine (by oxidation) and from 
citric acid have been developed. Citrie acid GXXXIYV) is readily converted via its 
amide (or via the ester of its dehydration product, ethy] aconitate) to eftrazinie acid 
(2,6-dihydroxyisonicotinie acid) (XXXV). The two hydroxyl groups are removed 
by conversion to chloro groups with phosphorus oxychloride and reduction to isonico- 


tinie acid (XXXVI): 














coor 
COTL 
o™ 
fos 
CH, CE, COOH COOH COOH 
ox! bo NH; -_ POC [ ] H: | “s 
4 —— —— 
dur dnt HO! . 00H clyycr 2 He La 
(XXXIV) (XXXY) (XNXVI) 


Citraginic acid is now available as a buff to gray powder which ehars without melt- 
ing above 300°C, Tt is insoluble in water and most organic solvents, but is soluble 
in strong alkali, concentrated sulfuric acid, quinoline, pyridine, ethylene glycol, and 
propylene glycol. It is a useful intermediate for dyes, pharmaceuticals, and other 
organic compounds (1h). 

Vitamin B, (which includes pyridoxine, pyridoxal, and pyridoxamine). The syn- 
thesis of pyridoxine (5-hydroxy-6-methyl-3,4-pyridinedimethanol) starts with 3- 
eyano-4-ethoxymethy]-6-methyl-2(1)-pyridone. See p. 298. 

2-Methy!-5-ethylpyridine (5-ethyl-2-picoline, MEP). See p. 287. 

2-Vinylpyridine, C;H;NCH: CH2 (X11), b.p.zer 159°C., d7° 0.976, a pyridine analog 
of styrene, has shown great promise as a monomer for copolymerization with buta- 
diene, styrene, and acrylonitrile (5). It may be copolymerized with acrylonitrile in 
order to improve the dyeing propertics of the resulting aerylic fiber. With butadiene a 
copolymer is formed which is superior to GR-S rubber in sume respects, especially as 
to flexing-hysteresis characteristics (5). It is prepared by the dehydration of 2-(@- 
hydroxyethyl) pyridine (XI). At present most of the a-picoline production from coke- 
oven gases goes into 2-vinylpyridine, which reached an estimated production of 500,000 
pounds in 1952, This is used as a latex adhesive in heavy-duty tires and V-belts. 
Because of its limited supply, very little 2-vinylpyridine is currently being used to in- 
crease the dyeability of acrylic fibers. 

2-Methyl-5-vinylpyridine, CsH;NCH:CH.(CH3), m.p. ~12°C., b.p.vw 179°C, 
- di 0.964, which is made by the dehydrogenation of 2-methyl-3-ethylpyridine, is avail- 
able in commercial quantities and its supply is not limited by the production of the 
coking process (see p. 284), See also p. 288, 

Sulfapyridine, N.F, EX, HaNCsHuSO.NHC,H IN (see Sulfa drugs), is prepared 
from 2-aminopyridine (see Ammonolysis, Vol. 1, p. 842). 

2,6-Diamino-3-phenylazopyridine hydrochloride  (pyridium, Mallophene) 
(XXXVID) is a red crystalline dye obtained by coupling 2,6-diaminopyridine (prepared 
by the Chichibabin reaction) with phenyldiazonium chloride; it is a urogenital anal- 
gesic and antiseptic: . oO 
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\WN=N-CidL \ eee 
(XXXVI) | | | (XXNVITT) 
HCIH.N neNE: NZ N? 


2,2’-Dipyridyl (2,2’-hipyridine, C.A.) (XXX VIID) is an analog of diphenyl which 
results from the action of copper powder on 2-bromopyridine by the Ullmann method. 
[t is also formed along with the isomeric 3,4’-, 2,3/-, 2,4’, 3,8-dipyridyls aud 2,2/,2”- 
tripyridyl (2,6-di-2-pyridylpyridine, C_A.) when pyridine is heated with ferric chloride 
at 300-350°C. or with metallic sodinm at Lt5°C. 2,2Dipyridyl forms a colored 
complex with various bivalent metallic ions and is used in the colorimetric determina- 
tion of ferrous iron. 

Iodinated Pyridones. Soddum todomethamale, U.P. XIV, N.N.R. (disodium 
3,5-diiodo-1-methylebelidamate, Neo-Ilopax (XXXIX), and dodopyracet, N.N.R. 
(the diethanolamine salt (XL) of 3,5-diiodo-4-pyridone-N-acetic acid, Dioclrast), 
are rapidly exereted in the urine and are used as radiopaque materials for urological 
xray studies (see Val. 7, p. 979); 








0 Q 
| I 
i I i 1 ry ene 
nao0cl, JcoONe N e-N—CHCHN (CH): HCI 
CI, CH»COONTIACTE:CH:OH)z 
(XXXIX) (XT) (XL 


Tripelennamine hydrochleride, U.S.P. XIV, N.N.R. (2-[benzyl(2-dimethyl- 
aminoethyljamino |pyridine hydrochloride, Pyribenzamine) CXLI), one of the first 
antihistamine drugs, is prepared from 2-aminopyridine by treatment with dimethyl- 
aminoethy! chloride followed by henzyl chloride in the presence of sodium amide 
(see Vol. 7, p. 472). in 

Zelan compound (Velan compound), CyHyCONHNHNC;H;Cl-, prepared by 
the reaction of stearamide, formaldehyde, and pyridine hydrochloride, is usec in an 
important, water-repellent process for textiles. The fabric is treated with Zelan com- 
pound, dried, ancl baked at 150°C. for less than four minutes. This process, causing 
dissociation of the Zelan compound, drives out the pyridine, leaving the fabric water- 
repellent, See Quaternary ammonium compounds; Waterproofing. 
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PYRIDOLS, PYRIDONES, C;HsNO. See Pyridine, p. 282. 


PYRIDOXINE, PYRIDOXAL, AND PYRIDOXAMINE 


The term “vitamin By” (adermin(e), Hexabione, Benadon) includes any of the natu- 
rally oceurring compounds pyridoxine (1), pyridoxal (IT), and pyridoxamine (ITD), 


NCH: N_CHs _OHs 
) -) So 
HOH:G” S“ ~OH HOH,C OH HOHC OH 
CH.OH CHO CH:NUy 
qq) aD (IT) 


aud hence the use of the name “pyridoxine” as a synonym for vitamin Be is to be dis- 
couraged, Pyridoxal phosphate (codecarboxylase) is the coenzyme for various trans- 
aminase und tyrosine decarhoxylase enzymes which bring about the interconversion 
of amino and hydroxy acids. Vitamin Bs appears to be required by most species of 
animals including man, See also Vitamins. 
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During an investigation of riboflavin (q.v.), it was observed (22) that the retarda- 
tion of growth produced in rats that were maintained on a deficient diet was not recti- 
fied completely by the administration of pure riboflavin. It was also known that such 
rats suffer from a clermatitis which first was believed to be identical with human pel- 
lagra (15,16). It was likewise proved (12) that an unknown factor was necessary to 
support the growth of rats and to prevent the accompanying dermatitis (rat acro- 
dynia), The existence of this “rat acrodynia factor” had been postulated in 1930 
(7) and its occurrence in yeast was demonstrated. Gydrgy (3,20) defined its vitamin 
nature in 1934 and named it vitamin Bs. The compound CsHyNO;HCl was iso- 
lated from rice polishings in Japan, but its vitamin character was not recognized. 
Tn 1935 the rat antidermatitis factor was discovered in liver extract. It was obtained 
also as a fuller’s earth adsorbate (39), from. yeast and rice bran (21e), and from a rice 
extract adsorbate Qld). Five independent groups of investigators can claim the 
approximately simultaneous isolation of one form of crystalline vitamin Bs (pyridoxine) 
(21), which was then thought to account for all of the vitamin Bs present in natural 
materials. However, in 1942 Snell (55) found that pyridoxine had very little vita- 
min Be (growth) artivity for certain lactic acid bacteria, but that natural materials 
contained related compounds of high activity. These were subsequently identified 
and named pyridoxal and pyridoramine (54). The vitamin Bo activity of natural 
materials is now recognized to result from the presence of all three conypounds. 


Occurrence and Isolation 


Vitamin B, is found in nature as pyridoxine, as pyridoxal, as pyridoxamine, as a 
water-soluble conjugate of low molecular weight, and as a nondialyzable protein 
complex having some enzymelike properties. It is very widely distributed throughout 
the animal and vegetable kingdoms. Whole wheat grains contain 3-6 y/gram, 
and whole wheat flour about 1.5-3 y/gram. (See Vol. 3, p. 625.) Royal bee jelly 
is the richest natural souree of vitamin Bs. Values as high as 5000 +/gram have been 
reported. Brewer's yeast ig next with about 50 y/gram. Orange juice contains about 
0.5 y/ml. and blackstrap molasses about 6.5 y/gram (see Vol. 9, p.170). 

The distribution in meat and meat products of vitamin Bs, expressed as pyri- 
doxine hydrochloride (although meat contains practically no pyridoxine as such) 


TABLE I. Distribution of Vitamin B, in Meat and Meat Products. 








Toodstuff aa Ronlatete Foodstuff ae etn 
Beef heart.........0..... 2.4 Ham..... 0... eae 5.9 
Beef brain (dry)... 2.0... 5.3 Pork Join.........0......, 8.0 
Beef kidney,........... 4.4 Pork kidney..........0.... 5.2 
Boeef liver........00.00.. 7.3 Pork heart................ 8.5 
Beef lung............... 0.7 Pork liver....0.0 0.000000. 8.3 
Beof musele............. 3.8 Veal liver................. 8.0 
Beef pancreas........... 2.9 Veal musele.......0.0..0.. 4.4 
Beef splean........,.... 1.2 Frozen fillet of cod. ........ 3.4 
Beef tongue............. 1.2 Frozen salmon steak, ...... 0 5.9 
Chicken (dark).......... <2 Yellow corn (dry). ........ 4,8 
Lamb musele,.......... 3.0 Wheat germ. .........0,.. 15.9 
Tamb liver. ....0..0.... 3.7 Winter milk. oo... 0.0.0... 1.3 


* Expressed as pyridoxine hydrochloride. 
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is shown in Table I (25), together with the distribution in two cereals and in milk 
for comparison. 

Procedures ave described in the literature for the concentration of vitamin Bs 
from wheat germ autolyzate or cane molasses (3) and for its isolation from rice bran 
(38,66). Because of the several efficient syntheses developed, the commercial extrac- 
tion of vitamin B, is not practiced. 


Physical and Chemical Properties 


Pyridoxine hydrochloride (2-methyl-3-hydroxy-4,5-bis(hydroxvinethyl)pyridine 
hydrochloride, 5-hydroxy-6-methyl-3,4-pyridincdimethanol hydrochloride (C.A.)) 
(7), Csi NO;.HCI, formula wt. 205.64, forms platelets or thick, bivefringent rods from 
alcohol plus acetone. It sublimes on heating and decomposes at 205-212°C. (The 
free hase is also a crystalliue powder, mvp. 160°C.) Its ultraviolet absorption maxi- 
mun is at 326 my. One gram dissolves in about 4.5 ml. water, or in 90 ml. aleohol. 
It-is sparingly soluble in acetone and insoluble in ether. The pH of a 10% solution 
in water is 3.2. In aqueous solution pyridoxine hydrochloride gives an absorption 
spectrum with a single maximum at 2910 A. at pH 2.1 and two maxima at 2550 A. 
and 3260 A. at pH 6.6; this characteristic shift is ascribed to the following tautomeric 
change in acid (IV), neutral (awitter ion form) (V), and basic (VI) solution (24); 


H i 
ie CH Ne CH. N. CH 
A ) 3 on- a *  on- ra 3 
oe " sone a none ho 
CH.OH CH ,OH CH.OH 
(IV) (VY) (VI) 


Pyridoxine hydrochloride is one of the most stable vitamins. 1t has long been 
uoticed that foodstuffs suffer little or uo loss of vitamin Bs potency by roasting, baking, 
or deep fat frying. Acidie aqueous solutions of pyridoxine hydrochloride are stable 
at room temperature and may be heated for 30 minutes at 120°C. without decomposi- 
tion, The vitamin is destroyed by ultraviolet light m neutral or alkaline solution, 

When heated to 120°C, for a short time in neutral (but not im aeidie or basic) 
aqueous solution, pyridoxine forms a dimer, water being split off from the 4-hydroxy- 
methyl group of one molecule and the N-hydrogen (zwitter ion form (V)) of another. 
Further polymerization takes place readily on longer periods of heating to give an 
insoluble gelatinous product, Addition of horate prior to heating inhibits polymeriza- 
tion inasmuch as borate combines with two molecules of pyridoxine to form a stable 
physiologically active complex containing four-coordinate boron Hnked through the 
oxygen atoms in the 3- and 4-positions of pyridoxine (51). (See formula XIII, p. 297). 
In this manner autoclaving may be effected without loss of activity. 

Pyridoxal hydrochloride (3-hydroxy-5-(hydroxymethyl)-2-methylisonicolimalde- 
hyde hydvochlotide (C.A.)) (ID, CoHyNOs. HCL, formula wt. 203.63, forms rhombic erys- 
tals. It decomposes at about 165°C. One gram dissolves in 2 ml. water, 1.7 grams 
in 100 ml. ethy! alcohol. The pH of a 1% aqueous solution is 2.65, Its ultraviolet 
absorption maximum is at 292.5 my. “This compound is not as stable as pyridoxine 
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hydrochloride; aqueous solutions are adversely affected by heat or sunlight even at 
quite low pH levels. 

Numerous amines (27) and amino acids (26) have been condensed with pyridoxal 
to give brightly colored Schiff bases (q.v.) (VID), which are then catalytically reduced 
to the corresponding pyridoxylamines and pyridoxylamino acids (VITT). 


Nt ous oN ) CH; 
_ 
HOH,C” SS” ~oH HOH,C” S~ “oH 
CH=NR CH.NHR 
(VID) (VIII) 


Most of these amines display 50-100% activity when compared with vitamin Bs 
in rats. 

Pyridoxamine dihydrochloride (2-metbyl-3-hydroxy-+-aminomethyl-5-hydroxy- 
methylpyridine dihydrochloride, 4-(aminomethyl) -5-hydroxy-6-methyl-3-pyridine- 
methanol dihydrochloride (C.4.)) (TID, C,HpN,0..2HCl1 formula wt. 241.12, forms 
platelets. Ii decomposes at 226-227°C. (The free base forms crystals also, m.p. 193- 
198.5°C.) It liquefies on exposure to the atmosphere at 80% relative humidity. 
One gram dissolves in 2 ml. water; 0.65 gram dissolves in 100 ml. 95% ethyl alcohol. 
The pH of a 1% aqueous solution is 2.4. Its ultraviolet absorption maximum at pH 
1.94 is 287.5 my. The stability of pyridoxamine dihydrochloride is intermediate 
between that of pyridoxine hydrochloride and that of pyridoxal hydrochloride. Aque- 
ous solutions kept in the dark show no decomposition after ten days at 60°C. The 
crystalline substance should be kept in amber bottles or ampuls. 

Pyridoxamine 5-phosphate (1X), CsHig:NoO;P.2H2O, has also been obtained in 
crystalline form. 


N. CH: N. JCH, 
~* ef 
HO—P~-OH.C” ~~ “oH HO—P—~OH,C” S~ ~OH 
4 CHANH, b CHO 

(IX) (X) 


Codecarboxylase (pyridoxal 5-phosphate, 2-methyl-3-hydroxy-4-formyl-5-pyri- 
dylmethylphosphoric acid) (X), CHyNOsP, formula wt. 247.15, is colorless in acid 
solution and bright yellow in alkalme sohttion. Its ultraviolet absorption maximum 
is ab 390 my in alkaline solution and at 295 my in acid solution. It can be isolated 
as the calcium salt, CsHsNOsPCa.3H.O, a yellow powder which is sparingly soluble 
in water. 


Assay Methods 


Chemical. Since vitamin By activity is not confined to a single substance, 
chemical and physical methods of analysis are applicable only to relatively pure 
mixtures or solutions containing no other Bs vitamin besides pyridoxine. Pyridoxal 
and pyridoxamine react in all chemical tests devised thus far. In the preferred method 
(58), pyridoxamine is about 30% as reactive, and pyvidoxal and codecarboxylase are 
about 15% as reactive as pyridoxine, calculated on an equimolar basis. 
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The phenolic nature of pyridoxine has been made the basis for chemical deter- 
mination through coupling reactions with 2,6-dichloro-p-quinone chlorimide (1,2,6- 
trichloro-p-quinone imine) (XI) (58), diazotized sulfanilic acid (59), the Folin-Denis 
reagent (59), ferric chloride (35), and diazotized p-aminoacetophenone (5). A 
method in use in Ewrope depends on the formation of a eyanine dye (36). 

The 2,6-dichloro-p-quinone chiorimide method (28) has been perfected as a 
standard laboratory proceedure for use with relatively pure mixtures or solutions 
containing no other Bs vitamin besides pyridoxine: Pyvidoxine is coupled with 
2,6-dichloro-p-quinone chlorimide in a strongly buffered aleoholie solution to yield 
a blue pigment (XII), which is estimated photometrically. Potential errors due to 


Cl CH,OH 
HO CH,OH Cl 
CIN = =O og 
=O -+ HCl 
Ch 
(XT) (XID 


coupling of other compounds with the reagent are eliminated by conducting the re-~ 
action shuultaneously in the presence of an excess of borate, which under proper condi- 
tions renders the pyridoxine nonreactive without affecting the reaction of other con- 
pling compounds. The structural formula of the pyridoxine-horate complex is believed 
to be (XIII). 


HC 


re So a wt 


N* CH, HC” “N 
(XIII) 


Microbial. The difficulties encountered in the mierobial determination of 
vitamin Bg are reflected in the large number of procedures recommended. 

Since most of the vitamin appears in nature in conjugated form, release of the 
vitamin in a form acceptable to the test organism is of primary importance. The 
problem is discussed extensively by Snell (53). For most purposes it is sufficient to 
determine the total amount of vitamin Bs present and the amount of the vitamin liber- 
ated with hydrochloric or sulfuric acid or by enzymic digestion with Clarase (a mixture 
of diastatic and proteolytic enzymes). 

Microbial assay methods depend on the need for specific vitamins by specific 
microorganisms. Using a basal medium supplying all needs except for the vitamin 
sought, growth responses of the organism are compared in unknown and standard 
solutions. What is actually measured is the amount of acid or turbidity produced by 
the microorganism. 

The microbial assay techniques proposed for vitamin By make use of lactic acid 
_ bacteria, yeasts, and mold mutants. The method of choice of the Association of Vita- 
min Chemists (1) is a yeast method, using Saccharomyces carlsbergensis 4228 as the 
test organism. This yeast method gives total By activity, and has been applied suc- 
cessfilly to milk, cream, ice cream, cheese, fudge, yeast, eggs, meat, poultry, fish, 
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grain, cereals, crackers, bread, animal feerts, alfalfa, phar maceuticals (liver coneen- 
trates, yeast extracts, vitamin capstiles), dog food, andurine, A method using Strep- 
tococens facealis (47) gives pyridoxamine and pyridoxal. Lactobacillus casei response 
also measures pyridoxal (46). 

Biological. The small-animal assay for vitamin B¢ is the most reliable assay for 
total vitami: Bg content of natural materials. Originally basecl on the development: 
and cure of a specifie dermatitis (rat acrodynia), it was soon found that the degree 
of acrodynia was difficult to judge and that the acrodynia was partially cured by the 
preseuce of even minute amounts of essential fatty acids in the basal ration. ‘This 
resulted in the perfection of the growth response test using rats or chicks. Several 
laboratories have developed satisfactory basal rations. The ingredients of one such 
ration for the chick growth assay are shown in Table TI (44). 


TABLE It. Typical Basal Ration for Chick Growth Assay. 








Ingredient Amount Ingrediont Amount 
Dextrose (cereluse). oo... 02 a ae 16.5 g, Cystine... 0. cece 0.2¢. 
Casein (vitamin-free), 006. 25.08, Choline. 0.0... cee 0.22. 
Gelatin. 0... ee eee 10.02, Tnositol. 6. ee O.lg. 
Salts TV... ccc eee eens 5.0¢. p-Aminobengoic acid.....,  80.0me. 
Calcium gluconate, ..... 0.0.02. 5.0. Thiamine.........00..065 2.0 mg. 
Monopotassium phosphate (KHPO,). 1.0. Riboflavin......-...0..205 2.0 meg. 
Liver extract “D7... ee, 2.0g. Calcium pantothenate. ..., 4.0 mg. 
(Wilson & Co.) Ninein. 2... cece eee J0.0mg. 
Wheat-germ oil... 6... eee eee 4.8 g. Biotin, . . 0.04 mez. 
400 D fish-liver oil...... 02... .00 000. 0.5¢, Monadions (2 methyl- 7 a 
naphthoquinone)......, 0. 4 mg. 





The all-important question of the correct basal diet is discussed in detail hy 
Bliss and Gydrgy (4). 


Synthesis 


Pyridoxine. Tho original synthesis (69) of pyridoxine (see Scheme L) is repre- 
sented by the following sequence of transformations (see also Vol. 8, p. 702): (a) 
Cyanoacetamide (XIV) is condensed with ethoxyacetylacetone (1-ethoxy-2,4-pentane- 
dione) (XV) in the presence of piperidine to yield 2-methyl-4-ethoxymethy]-5-cyano- 
6-pyridone (6-methyl-4-ethoxymethyl-3-cyano-2(1H)-pyridone (C\A.))\(XVD. (0) 
By nitration in acetic anhydride, (XVI) is converted into the 8-nitro product (XVII), 
which is then (c) treated with phosphorus pentachloride in chlorobenzene to give the 
6-chloro compound (XVIII). (d) Catalytic hydrogenation of (XVII) yields first the 
3-amino product (XTX), and then, in the presence of palladium and charcoal, the 3- 
amino-5-methylamino compound (XX), which is (e) transformed into the diydrachlo- 
ride and diazotized to yield 2-methyl-3-hydroxy-4-ethoxymethyl-5-hydroxymethylpyri- 
dine (XAT. (f) Finally (XXD is treated with hydrobromic acid, the 4,5-dihromo- 
methyl hydrobromide (XXII) produced being saponified with silver hydroxide to 
pyridoxine (1). 

A synthesis leading to pyridoxine along the same lines was developed by E. 
Merck (74) in Germany, the initial step being practically identical and some of the 
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H 
On -Nw_CHs 

nav 
CH.OC.H, 


S/o (XVI) 


y, (XVID 
Cl NCH: Cl. UN. CH; 0 # CH, 
i 
ee 
NC NOz NC NH: NC NH, 
CH.OC.H; CHOC SH, CH.OC.Hy 
(XVID) (XIX) (XVI) 
oNs_- CHa gNx_-CHa Nv_-CHs 
— | — | 
HOH.C” S~~oH nosso Ae oe 
CH.OC Hs CH,OC.Hs CH.OH 
a (XX) / (XXa) 
CH; os CH, 
*HBr 
BrH.C” S~~oH HOH, S"~OH 
CH,Br CHOH 
(XXII) (1) 


others differing only in detail. 
Manchuria (41). 

Modifications of the original procedure include: ; 

(7) Direct hydrolysis of (SXT) to (I) by means of dilute hydrochloric acid under 
pressure, thus eliminating one step (71). 

(2) Reduction of the nitro group in (XVID) and subsequent chlorination of (XVITa) 
to (XIX) (steps (0) and (c) of the original process are reversed); then hydrolysis of 
(XX) to (XXa), and subsequent diazotization of (XXa) to (1). (67). 

(3) Reduction of the nitro group in (XVII) and acetylation of the corresponding 
amino group prior to chlorination (70). 

(4) A later variant, involving transformation of 2-methyl-4,5-dieyano-6-pyridone 
through steps (b)-(e) (see p. 298) to give pyridoxine directly by diazotization (68). 


A brief repart of a similar process has also come from 
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(5) Several different condensation reactions (first step), the following two of which 
(65,72) are representative (R. = COOC.Hs, CONH2, or CN): 


Ong POs HANS CMs og N.CHs 
+ I —_ | 
Roo ae R Sy 
{ CH,OC.Hs 
CH,OC.H, 
(XXII) (XXTY) (XXV) 
H 
CN Oxy ; au CH: 
é Fo by ~* | 
now? Soo Now 
R 
R 
(XXVI) (XXVII) (XXVIIL) 


In a totally different approach (72), 3-hydroxypyridine derivatives are prepared 
by condensation of N-substituted o-amino acid esters with alkyl e-formylsuccinates 
to yield substituted aminoitaconic acid esters (XXIX), which, on Dieckmann cycliza- 
tion and reduction of the resulting hydrochloride, give the pyridiniam chloride (XXX). 
Hydrogenolysis of (XXX) gives the dicarboxylated pyridine derivative (XXXI). 
(This derivative, with R” == CHy, was also prepared in Japan (80) by a different con- 
densation method.) CXXXT) can be converted to pyridoxine by transforming the 


R’ R! 
| ” 1 -Cl~ 
N R ober ; 
HO” “CH NUR! Ny RY 
& oor | | 
ROOC™ “cH, ROOC” ~*~ “oH ROOC” S* SoH 
COOR COOR 
COOR 
(XXIX) (XXX) (XXX1) 


carboxyl groups inte cyano groups (through the amides) and then proceeding throngh 
the steps outlined. Use of various amino acids in the condensation step permits syn- 
thesis of pyridoxine analogs differing only in their 2-substituents. (XX XI) was also 
reduced (33) directly to pyridoxine by means of lithtum aluminum hydride (LiAIH,). 

A procedure involving the degradation of 4-methoxy-3-methylisoquinoline 
(XXXID was developed in Germany 7) aud also in Japan (81), the starting mate- 
rial being obtained from potassium phthalimide, according to a well-established 
preparation (13). 

By means of oxidative fission (XXCXIT) is transformed into 2-methyl-3-methoxy- 
4,5-pyridinedicarboxylic acid (XXXITT), which is then converted to pyridoxine by the 
method previously deseribed. 


CH; 


Nx Nx CH; 
—— | 
“~OcH: HOOC” \*“ocu, 
COOH 


COOX XID) (XXX) 
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Pyridoxamine and Pyridoxal. The structure of pyridoxamine was confirmed (54} 
as 2-inethyl-3-hydroxy-4-aminomethyl-6-hydroxymethylpyridine by first testing the 
activity of the synthetically prepared compound and then preparing the 5-amino- 
methyl] isomer, which displayed » different chemical behavior and no growth-promoting 
activity. The active compound is obtained from pyridoxine 4-methyl ether by treat- 
ment with ammouia and methanol in an autoclave af 140°C. 

The formyl analog of pyridoxine (pyridoxal) is obtained by oxidizing pyridoxine 
with manganese dioxide and sulfuric acid, isolating the product as the oxime, and 
treating the oxime with sodium nitrite and hydrochloric acid (54). The 5-furmyt 
isomer was synthesized (54) and found to possess only insignificant growth-promoting 
activity (86). 


jon — 
| 
HOH,G” “Sy Ou 


yak NHCOCH,N (CHa), 


(XXXIV) 1 
Nt CH; 
ae 
HO—P—U—P-0—-P—0H.C7 OH 
‘) 1 NNT ET CCOOT . Wy 
es C=NNHCOCH:NH(CH,)  H.0 
(XXXV) 


Pyridoxal 5-Phosphate (X). The initial preparation of cudecarboxylase involved 
phosphorylation of pyvidoxal with adenasinetriphosphate (18) (fer which phosphorus 
oxychloride was later substituted (19)). These ntethocls gave very low yields. Twa 
efficient procedures have been reported rerautly: 

(1) Pyridoxamine Iydrochloride is phosphorylated with anliydrous phosphoric 
acid and the product ts then oxidized to codecarboxylase, purification being effected 
by adsorption on chareoal, followed by clution with ammonium hydroxide (63). 

(2) Pyridoxal is condensed with W-dimethylelycine hydrazide to give pyricoxal- 
N-dimethylglycine hydrazone (XXXTV), which is converted to (XXXV) by means 
of metaphosphoric acid. On acid hydrolysis at 100°C., (XXOXXV) yields pyridoxal 
5-phosphate, which is separated by means of its nearly insoluble calcium galts (61). 

Pyridoxamine 5-phosphate (UX) has been obtained (45a) in crystalline form by 
treating recrystallized pyridoxamine with anhydrous phosphorie acid and heating to 
100°C:., followed by adsorption on and clution from an Amberlite XE-64 column. 


Production and Prices 


The production, sales, sales value, and unit value for vitamin Bs (as pyridoxine), 
as given by the U.S. Tariff Commission, are given in Table TTI. Pyridoxine is usually 
marketed in the form of the hydrochloride and sells for $550 per kilogram (early 1953). 
Fiber drums or brown glass bottles are used as containers. 

For therapeutic purposes, pyridoxine hydrochloride is formulated as a tablet 
aud ag a solution containing 50 mg. per ml, and preserved with chlorobutanol. 
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TABLE UL Production and Sales Statistics for Vitamin By (as Pyridoxine). 














Salex 

No, of Productign, (9 — fo ar nee — 
Year nuvpulecturers Ib, Quantity, tb. Value, 8 Unit value, $/th. 
Loft l 4,200 3,000 1,337 , 000 454.50 
1945 2 2,700 3,800 1,735 , 900 456.82 
(946 2 10,300 8,800 2,988 , 200 381.31 
L947 2 12,900 9,400 2,858, 600 304.10 
1948 2 10,900 9, 400 2,309, 300 245.67 
1949 8 10,000 10,500 2,507, 500 238.81 
1950 4 17,500 15,600 3,656, 200 234.37 
O51 2 22,000 16,000 3,335,000 215,18 
1952 2 14,090 15,000 3,451, 000 233 67 





Clinical Evaluation and Biochemical Function 


Vitamin By seems to be required in the nutrition of all species of animals. The 
requirement has been definitely established for rats, mice, chickens, pigs, calves, 
dogs, and monkeys. The vitumin is absolutely necessary for normal growth; further- 
more, without it the animals suffer from acrodynia, edema, muscular weakness, and 
convulsive seizures of an epileptiform nature. Microcytic anemia has been observed 
in dogs maintained on a vitamin By-deficient diet, and characteristic neurologic changes 
in addition to the characteristic anemia have been observed in pigs. Arteriosclerotic 
lesions in the monkey after 514 to 16 months on a vitamin By-deficieut diet, were de- 
scribed recently (48). <A well-developed vitamin B, deficiency is also characterized 
by the excretion of xanthurenic acid (4,8-dihydroxyquinaldie acid), an intermediate 
product of tryptophan metabolism. ‘This indicates a faulty protein metabolism pro- 
duced by vitamin Bg deficiency. 

It has been shown that pyridoxine is transformed in the body to pyridoxal and 
pyridoxamine (48), In 1950 there appeared a description of the human syndrome of 
pyridoxine deficiency (42) in adults to whose diet desoxypyridoxine, an antagonist 
(see p. 803), had heen added; the need of vitamin Bs by man was further established 
(57) and is now officially recognized (32), 

In addition, vitamin Be is reported as useful in the treatment of radiation sickness, 
nausea of pregnancy, and aleoholism, but is not effective in all cases. 

Pyridoxine and its derivatives are considered to be essential for several biochemi- 
cal (enzymic) reactions. See also Vol. 5, p. 744. 

Amino Acid Decarboxylation. Decarboxylases bring about the reaction: 


RCH(NH.)COOH ———~> RCH,NH, + CO2 


With bacteria this occurs optimally at an acid pH, with the liberation of carbon dioxide 
and a consequent change toward neutrality of the mediun. 

Studies of decarboxylases (14,17), each specific for one L-amino acid, showed that 
all of the corresponding apoenzymes could be reactivated by the same coenzyme, the 
identity of which was discovered to be pyridoxal 5-phosphate (X). These t-amino 
acids include tyrosine, lysine, arginine, aspartic acid, ornithine, glutamic acid, aud 
@-(3,4-dihydroxypheuylalanine, See Amino acids. 

Transamination. An example of enzymic reversible amino group transfer is 
shown below in the reaction of glutamic acid (XXXVI) with oxalacetic acid (XXX VIT) 
to give a-ketoglutaric acid (XXXVIII) and aspartic acid (XXXTX), and vice versa: 
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(GH), OH, (CHD: OH, 

dui, bo) C0 CHNIL 
boo — door COG — COOH 
(XXXVI) (XNXYVTD (XXXVITT) (XNNIX) 

The transuninases contain pyridoxal phosphate in the prosthetic group, but it is 
not yet certain that pyridoxal phosphate represents the entire cofaetor requirement, of 
the enzyme (6). Pyridoxamine phosphate (UX) has also been reportecl to act as a 
transaminase coenzyme (43b), 

Tryptophan Metabolism. Pyridoxal phosphate has been found te act as co- 
chzyme In two distinct reactions: («) the condensation of indole and serine to form 
tryptophan (60b), and (6) the decomposition of tryptophan to indole, pyrivate, 
and ammonia (60a). 

Other Reactions. Pyridoxal phosphate has been reported as the coenzyme of 
thio-ether cleavage (2), of homocysteine and eysteine desulfhydrases (24), and of 
amino aeid racemases (6-4). 


Analogs and Antagonists (Antimetabolites) 


Antimetabolites are substances which displace the essential metabulite and pre- 
vent its formation, The term “antagonist” signifies just that. Usually, but not 
necessarily, such a “displacement compound” may he designed by simple structural 
changes of the active compound. The pyridoxine antagonists given below can all he 
classified as structural displacement analogs. 

4-Pyridoxic acid 3-hydroxy-5-(hydraxymethyl)-2-methylisonicotinie acid (C1A.)) 
(XL), C,HyNO,, formula wt. 183.16, is the major metabolic product from pyridoxine, 
pyridoxal, or pyridoxamine. It was first isolated from human urine (52). Details of 
the isolation and synthesis were given in 1944 (29). 

4-Pyridoxic acid forms werlge-shaped crystals, nip. 247-248°C, It is slightly sulu- 
ble in water, aleohol, and pytidine. It is insoluble in ether and in aqueous acid solu- 
lion, but completely soluble in aqueous alkaline solution. It possesses two acidic 
groups, one w phenolic and the other a carboxyl, having pA values of 9.75 and 5.50, 
respectively. The acid shows a characteristic blue fluorescence, with a maximum at 
pH 3~4, The fluorescence disappears on reduction with hydrosulfite and is restored to 
the original intensity with hydrogen peroxide. 4-Pyridoxie acid is adsorbed on zeolite 
from: aqueous solutions at pH 4-5 aud ean be eluted with 25°% potassium chloride; 
n-butyl aleohol extracts of neutral eluates also show characteristic blue fluorescence, 
which is creased by a trace of acetic acid, 4-Pyridoxic acid is stable to boiling with 
dilute alkali (1 NV), but upon being heated with 0.5 N acid for a few minutes it is con- 
verted to the y-lactone. 

The lactone, CsH;NO., m.p. 263-265°C., exhibits a much stronger fluorescence 
than the acid. It is, therefore, more easily followed in the course of biochemical in- 
vestigations, 

4-Pyvidoxic acid and its lactone (and alse 5-pyridoxic acid and its lactone) have 
practically no growth-stimulating effect on microorganisms. Conversely, the effects 
of vitamin Bg are not inhibited by these compounds, 

4-Desoxypyridoxine hydrochloride (2,-1-dimethyl-3-hydroxy-5-hydroxymethyl- 
pyridine hydrochloride, 5-hydroxy-4,6-dimethyl-3-pyridinemethanol hydrochloride 
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TABLE IV. Metabolites and Analogs Antagonistic to the Vitamin By Group. 




















j Tnhibition 
Name of conpgund _ Formula of base - ; __ Test organism index# Reference 
2-Ethyl-3-amino-4-¢thoxy- CLH;  Saevharomyeces 1 40 
methyl-5-aminometlyl- ae cerevisiae GM. 
pyridine dihydrochloride IN I 
NEC YO NE 
CHLOCLH;, 
2,4-Dimethy-3-hydroxy-5- Ny yCls — Chick 2 44a 
hydroxy methylpyridine ° if Saceharomyces 10 40 
hydrochloride (desoxy- ww cereristie GM 
pyridoxine) HOC” NOH Rat 50 IL 
CH, Chick embryo 100 8 
. Man 100 (est.) 42 
2-Methyl-3-hydroxy-4- u/s Chick 4A dh 
methoxymethyl-5-hydroxy- ait 
methylpyridine hydro- N 
chloride (methoxy~ THOLLC No 
pyridoxine) CHLOCH, 
2-Fithyl-3-hydroxy-4, 5-his- N eal Ceratostomella ulant 50 49 
(hydroxymethyD pyridine ¢ 
hydrochloride \ | 
HOILC” ; Sout 
CHLOH 
2-Mcthy]-3-amino-4- Ny ols Ceralostomella ulmi 250 49 
hydroxy methy)-5-a.nuino- , 
methy lpyridine clinydro- ‘N 
chloride INE. NWA 
CHOU 
6-Methy]-3-hydroxy-4- Tha, N Saccharomyces 250 40 
hydroxymethylpyridine " cerevisinag GM. 
hydrochloride N | 
( “OH. 
CHLOH 
2, 4,5-Trimethyl-3-hydroxy- N oils Cerutostumella utint — 880-2500 49 
pyridine hydrochloride [ | 
I oS Som 
CH, 
a ety ean ke hoxy- 4N Zell Ceratostomella ulmi 2500 49 
methyl-5-aminomethyI- : if 
pyridine dihydrochloride q 
ILNHC” \wen 
CH,OC.H5 
Irradiated pyridoxamine — Escherichia. cali; 40-60 (est.) 50 


Staphylococcus; 
Slreptococeus 
hemalyticus 





moles of antagonist, 


@ Tyhibition index = yf a0 7 
ubibition index moles of pyridoxine. HC! 





(62). 
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gn CH; _~ CH, 
HOH.C~ S~ “OH HOH.C” “~~ “OH 

COOH CHa 

(XL) (XLD 


(C.A.)) CSLD, CeHNO.HCI, formula wt. 189.64, is a powerful inhibitor of vitamin 
Bs. It forms crystals from alcohol plus ether plus acetoue, m.p. 257°C. It is soluble 
in water and alcohol. It is synthesized by treating 3-acetoxy-5-cyano-6-hydroxy-2,4- 
dimethylpyridine (3-cyano-4,6-dimethyl-2,5-pyridinediol 5-acetate (C.A.)) with phos- 
phorous pentachloride to give the 6-chloro analog, which on catalytic hydrogenation, 
diazotization, and hydrolysis gives 4-desoxypyridoxine (73). The quickest. prepara- 
tion is by catalytic reduction of pyridoxine (23). 

4-Desoxypyridoxine inhibits vitamin Bg in chick, rat, mouse, dog, monkey, and man, 
and. readily produces symptoms of vitamin Ba deficiency (44). 

Other metabolites und analogs antagonistic to the vitamin B, group are given in 


Table IV. ~ 
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PYROCATECHOL 


Pyrocatecho! (o-dihydroxybenzene, 1,2~benzenediol, pyrocatechin, cutechol, catechin), 
CyHs(OH)e, formula weight 110.11, is a water-soluble, crystalline compound with a 
phenolic odor and taste. It was first prepared in 18389 by Reinseh by distilling cate- 
chin, a tanninlike substance, but has only recently become commercially available. 

Important uses for pyrocatechol inchide the preparation of dves and medicinals, in 
photography, rubber, fur dyeing, and specialty inks, as an ugeul for oxygen removal, 
and in the prodietion of antioxidants for mbber and hibricating oils. 


Physical and Chemical Properties 


Constants. Vip., }04°C.; b.p., 245°C.; sublimes; is volatile with steam: dj', 
1.371. Pyroeatechol crystallizes in the monoclinic system; nj, 1.604, 1.615, 1.650. 
Solubility data are given in Table I 

Reactions. Pyrocatechol is a dihydvi ie phenol and undergues many of the typical 
reactions of phenols (¢.v). In most of these reactions it is considerably less reactive 
than resorcinol (g.v.). Like resorcinol, pyrocatechol can renet in twe tautomeric 
forms, the enol and the keto forms, 

Pyrocatechal gives mono- and disalts with solutions of alkali hydroxides or ear- 
honates. Most of its heavy metal salts are tisoluble in water. Solutions of the alkalt 
inctal salts absorb oxygen on standing, resulting ia color change to green, then brow ny 
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TABLE I. Solubility of Pyrocatechol. 





Solubility, weight %, at: 








Solvent 20°C, AOE. 100°C, 
Water. oc eee eee eee 81,2 80.8 98.8 
Ethyl aleohol. 00.00.0060 00, 620 58.2 74.2 97,3 
Ethyl ether... 0.00.00. .2.0..0.005- — 65.5 94.8 
Acetone, oo... 0. eae eee 666.0 ThA 96 .¢ 
Benzene... 0.0.0 eee 0.8 7.6 93.1 
Chloroform... 0.0.0.0... 06200 1.9 0.9 89.9 
Carbon tetrachloride. ...........-. 0.1 0.4 86.0 
Pyridine... 0.0.0.0. eee Very soluble Very soluble Very soluble 


Souree: reference (3). 





and finally black. Complex coordination compounds are formed with a number of 
metals, including iron, aluminum, and titanium. 

Esters of pyrocatechol can be prepared under suitable conditions and, like other 
phenolic esters, are capable of undergoing the Fries rearrangement to form phenalic 
ketones (acylphenols), which in turn are readily reduced to ring-alkylated pyrocate- 
chols, 

With ammonia, pyrocatechol can yield o-aminophenol by ammonolysis (q.v.). 

Mono- and dicthers as well as cyclic ethers of pyrocatcchol can be prepared by 
conventional methods. Diazomethaie is to be used with caution since it has been re- 
ported to react explosively with pyrocatecholt. The reaction of epoxy compounds, such 
as ethylene oxide, propylene, and epichlorohydrin, with pyrocatechol leads to the 
formation of polyethylene glycol derivatives (see also Vol, 10, p. 238), 

While careful oxidation of pyrocatechal yields o-benzoquinone (see Quinanes) : 


i 


ApeoO === () 
——+ 





more vigorous oxidizing agents cause a degradation of the compound. Actually, 
pyrocatechol is the most active reducing agent of the three dihydric phenols and can 
precipitate metals in a finely divided state from solutions of salts of a wumber of heavy 
metals. 

Pyrocatechol may be hydrogenated to different extents, depending on the reaction 
conditions, It can be halogenated, nitrated, carboxylated, and sulfonated. Pyrocat- 
echol may be alkylated in the nucleus by reaction with olefins or alkyl halides. With 
acetylene, under the influence of amine-type catalysis, resinous condensation products 
are formed (20), 

Au aldehyde group may be introduced by reaction of pyrocatechol with chloro- 
form and alkali hydroxides, following the conventional procedure of the Reimer-Tie- 
mann reaction. 

Diazotized aromatic amines can be coupled with pyrocatechol and the resultant 
compound may he cleaved by reduction to give 4-aminopyrocatechol. 

Condensation with aldehydes such as formaldehyde and acetaldehyde leads to 
methylenedipyrocatechol compounds such as (1) and to higher condensates: 
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On on OIL 
‘on CHO i pO HO" 
i —> 1 f ‘ { 
od roy L, 

ae _ Re 

LOH 
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Pyrocatechol cun take part in reactions leading to multi-ring systems. Thus, the 
condensation of one mole of pyrocatechol with one mole of phthalic anhydride gives a 
mixture of hystazarin (11) and aligarin (ETD (y.2.): 








° 0 OO 
ON ; ~ lo. roa 
WoO (S;-on ACh ey Sy OT ON SOS OF 
| | O+ | ane, | + | | | 
Pk WA 7 OW ERO- 20GPC!, a rn ponals| SP 
i I 
I 7) 0) 
(11) (ab 


Two moles of pyrocatechol react with one mole of phthalic anhydride, under the in- 
fluence of zine chloride as catalyst, to yield pyrocatecholphthalein. 

Heterocyclic ring compounds such as phenazine, phenoxazine, phenothiazine, and 
1,2,3,4-tetrahydroquinoxaline are obtained by condensing pyrocatechol with o-phenyl- 
enediamine, o-aminophenol, o-aminothiophenol, and ethylenediamine, respectively. 


Analysis 


Like phenol and the other polyphenols, pyrocatecho)] gives color reactions with a 
large number of agents, such as oxygen and oxidants, nitrites, cerrum, titanium com- 
pounds, molybdates, tungstates, vanadates, and borates (19). With ferric chloride, 
solutions of pyrocatechol give a green coloration, turning red on addition of a very 
small quantity of sodium hydroxide or ammonia, and darkening rapidly on exposure to 
air, The Millon test (nitrous acid and mercuric nitrate), and the Lieberman reaction 
(formation of indophenols) are also positive (6). Pyrocatechol reduces ummoniacal 
silver solutions in the cold (silver mirror), and alkaline cupric salts (Fehling solution) 
on warming. 

The barium and lead salts of pyrocatechol, unlike those of resoremol and hydro- 
quinone, are practically insoluble in water. The lead salt (CsH,OePb) is particularly 
recommended to separate pyrocatechol from the other two dihydroxy phenols and for 
its quantitative determination (1). 

A method has been published recently for the colorimetric determination of pyro- 
catechol which is based on the observation that a dark-colored addition compound is 
formed if a m-dihydroxy phenol is iodinated in the presence of an o-dihydroxy phenol. 
This precipitate dissolves on the addition of an equal volume of acetone to give a grape- 
blue color, the intensity of which is proportional to the quantity of the dihydroxy 
phenol present in the lesser amount (18). 


Occurrence 


Pyroeatechol occurs as an important building unit in living as well as in fossil 
plants (see p. 814). Thus, it has been obtained particularly from catechin, and also 
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from moringatannic acid, kinotamic acid, and other sources contammye tamuec acids. 
Tt has been shown Lo be present tn erude wood tar, erude beet sugar, and the waters 
fram bituminous shale sud coal. Pyroeatechol and a cousiderable number of its de- 
rivatives have been isolated from lignin, woods, and other plant materials (17). 
Phenolic substances have been obtatmed ina yield of 810% from hydrogenated lignin 
recovered from the pulping liquors of the soda process. Among these are pyrocatechal 
(3-5¢% of the phenolic substances) and pyrocatechol derivatives (11% of the phenolic 
substances) (7). A sulfuric acid ester of pyrocatechol is a uormal constituent of the 
urine of some animals, particularly the horse, and of man, 


Manufacture 


Pyrocatechol is formed in the alkaline fusion and by the dry distillation of many 
natural substances, such as resins, lignins, aid bituminous slates, According ta one 
patent (22), pyrocatechol may be obtained by heating acid-precipitated lignin from 
waste sulfite liquor with aniline hydrochloride at 200-300°C. for several hours. Pyro- 
extechol may also he obtained from low-temperature tar, and a process for its produe- 
tion and purification from low-temperature carbonization effluents has been recently 
described in some detail (12, 13). 

Sulfonated or halogenated o-phenols, such as e-phenolsulfonic actd, 1-phenol-2,4- 
disulfonic acid, o-chlaropheuol, and o-bromophenol, vield pyrocatechol hy fusion with 
alkali. Pyroratechol is also obtained by the acid hydrolysis of o-phenylenediamine, 
or by treating guaiacol (the monomethyl ether of pyrocatechol) with hydriodic acid, 
hydrobromie acid, or aluminum chloride at higher temperatures. The diazotization of 
o-aminophenol anc subsequent treatment with copper sulfate solution also yields 
pyrocatechol. 

Industrially, pyrocatechol! is obtained by fusing o-chlorophenol with alkalies, or 
trom t-pheuol-2,4-disulfonic acid (see Vol. 10, p. 376). Using o-chlorophenol, the reac- 
tion is carried out by heating m an autoclave in the presence of water with sodium 
hydroxide or an alkaline carth hydroxide, such as barium or strontium hydroxide, 
The reacted mixture is acidified, any remaintug chlorophenol aud phenol are blown off 
with steam, the remaining solution is extracted with an organic solvent, such as ether, 
and the raw pyrocatechal is purified by distillation. If phenoldisulfonie acid is used 
as the starting material, the fusion with caustic soda is carried out at about 800°C., 
giving a pyrocatecholmonosulfonic acid, from which the sulfonie acid group is removed 
by heating with dilute sulfuric acid. 

For a more detailed description of the preparation of pyrocatechol from o-chloro- 
phenol in Germany two reports are quoted: According to one report (10), pyrocatechol 
is prepared from o-vhlorophenol with bartum hydroxide and sodium hydroxide in 
aqueous solution according to the equation: 


Yy-Cl 


+ Ba(OHy + Nuvo ——3 on Np + NaCl + 210 
pon 0 
After the reaction is completed, the mixture is acidified and the pyrocatechol is ex- 
tracted. ‘The barium is recovered by precipitation as the carbonate followed by con- 
version to the chloride and the hydroxide, 
Attempts were made to replace the barium hydroxide by other metal hydroxides 
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which need not. be recovered, such as sodium, calcium, or ferrous hydroxide. However, 
the yield of pyroeatechol was found to decrease considerably if such hydroxides were 
used. Resiuification was observed when cupric oxide was used. Freshly precipitated 
lead hydroxide, however, wider otherwise identical operating conditions (that is, hy 
adding cuprous chloride as eatalyst at 210°C. and carrying the reaction out uoder pres- 
sure for 10 hours), gives the same yield of pyrocatechol as is obtained with bartum 
hydroxide. Thus, with lead chloride, the pyrocutechol formed is protected by salt 
formation from further change as it is when barium hydroxide is used. In addition, the 
low degree of solubility of lead chloride in cold water facilitates its recovery and makes 
the process more eeonomieal. 


In the example given in the report, 2 moles of e-chlorophenol (257 grams} and 2 moles of lead 
chloride (556 grams) were slurvied in 1 liter of water to which 20 grams of cuprous chloride were added, 
After the dropwise addition of 614 males of sadium hydroxide (520 grams of a 50°), solution in water), 
the mixture was stirred for 10 hours at 210°C. in # 4-liler autoclave, After cooling, 250 grams of 
34.4% hydrochloric acid was added and the unreacted chloropleno]l (10-20 grams, or 4-87, of the 
original charge) was removed by steam distillation. On cooling, lead elloride crystallized and was 
removed by filtration, whereby (1-95) of the lead ehloride originally added was recovered, con- 
taining 6 grams of pyrocatechol. 

Extraction with ether followed by distiflation (240°C. at 760 nim.) yielded 180-186 grams of 
pyrotatechol, which represents 82-84%, of the charged, and 85-877, of the consumed chlorophenol. 


The second report (9) deals with the possibility of replacing barium or strontium 
hydroxide by the cheaper mixture of ealeiun: hydroxide and caleium chloride in the 
conversion of o-chlorophenol into pyrocatechol. Without the addition of caleium 
chloride, a considerable decompusition of the pyrocatechol formed was noted. Opti- 
mum yields were obtained by using a mixture of 3 moles of caleium hydroxide and 3 
moles of calcium chloride per mole of v-chloruophenol. A reduction in the amounts of 
calcium hydroxide and calenun chloride, as well as ary ineroase in cilution of the reac- 
{ion mixture with water, is reported to lower the yield of pyrocatechol. The optimum 
temperature range for carrying out the conversion was found to be between 225 and 
230°C. Under these conditions, 80-85% of the charged o-chlorophenol had reacted 
after 12-15 hours. The yield was reported to be 90-92% of the theoretical yield as 
related to the converted o-chlorophenol, The melting point of the distilled product is 
given as 1038-105°C. 

The United States Tariff Commission keeps statistics on the production. of pyrocat- 
echol confidential, since only one company reports production figures to the Com~ 
mission. The market price for ¢.p. pyrovatechol was $2.17 per lb. in 100-lh. lots in 
April 1953. 


Specifications and Standards 


U.S.P. XIV describes pyrocatechol in the section on “Reagents” as white crystals 
which become discolored on exposure to air and light, and readily soluble in water, 
alcohol, benzene, ether, chloroform, and pyridine, forming clear solutions. The 
melting range is given as between 104 and 105°C. On igniting 500 mg. of pyrocatechal 
with 5 drops of sulfuric acid, the weight of the residue must not exceed 1.0 mg, (0.2%). 

Two grades of pyrocatechol are regularly supplied by one producer, with specifica- 
tions as shown in Table II. The e.p. grade is suitable for most manufacturing uses, 
and the resublimed grade for medical, pharmaceutical, and photographie purposes. 
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Pyrocatechol, ¢.p., is regularly packed in 100-b. net fiber drums. Pyroeatechol, 
resublimed, is packed in 100-lb. ancl 50-Ib. net fiber drums. 

Pyrocatechol tends to darken when exposed to air and light. It should be stored 
in a cool, dry plaee to prevent caking, and the containers should be kept closed at all 
times. 


TABLE IE. Specifications for the Two Grades of Pyrocatechol. 











Property Cyp. Resublimed 
Physical state... 00 cee eee Tine granules Fine crystals 
6) Ce White White 
Purity, &%, MUN. eee 99.0 99.6 
Freezing point, °C., min... eee eee 103.5 103.8 
Ash, ©, MAX. ee ccc ee eee eee 0.05 0.05 
Water-insuluble, %, MUX... 2. ee 0.05 0.05 
Bulk density, to. Jewitt... eee eee 41.5 17.0 
Flash point (Tag open cup), °F. (PC.). 0.0.50. 279 (137) 279 (137) 





Source: reference (3). 
Health and Safety Factors 


Pyroratechol produces a rise in blood pressure, a slowing of the pulse, and an 
inerease in the blood sugar concentration (8). It is considered more toxic than resor- 
cinol or hydroquinone (11). 

The toxicity of pyrocatechol to dogs has been studied (8). The minimum lethal 
dose is 0.04 g. per ke. of body weight when administered by intravenous injection, and 
0,2 g. per kg. by subcutaneous injection (8). By oral administration, 0.05 g. per kg. 
caused death within 48 hours; 0.03 g. per kg. caused anemia and other complications, 
followed by death in several weeks (5, 14). 

Derivatives of pyrocatechol, such as guaiacol carbonate or guaiacol potassium 
sulfonate, are nich less toxic and may be administered orally. The specific pressor 
action of pyrocatechol and its derivatives, such as epinephrine (q.v.), on the systematic 
nervous system has been stucied by a number of investigators (15). 

Pyrocatechol should be handled with the natural care given to any industrial 
chemical, and contact with the skin and inhalation of dust should be avoided. 


Uses 


Since pyrocatechol has only recently become available in commercial quantities, 
the number of its uses is still increasing (4). 

Pyroeatechol is a useful analytical reagent. Many of its analytical uses are 
based on its capacity to form inner complex coordination compounds with metals 
(6, 16, 19). Pyrocatechol and some of its derivatives are also effective antioxidants 
for gasolines, various animal and vegetable oil products, lubricating oils, rubbers, and 
plasties. Of these derivatives, p-tert-hutylpyrocatechol especially is finding wide use. 
Both pyrocatechal and guaiacol have been sliudied as antiskinning agents for oleores- - 
inous paints and varnishes. 

An important application for pyrocatechol is its use as a photographic developer, 
particularly in fine grain development formulations and in developers for subject mat- 
ter containing extreme, harsh contrasts. Tt has also heen found useful in varions 
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multicolor photuprinting processes, including colorecl motion pictire techniques. See 
Photography. 

Pyrocatechol is useful in fur dyeing as a developer anc in Lhe preparation of dyes. 
as by its condensation with phthalic anhydride to yield alizarin and hystagarin. 
Further uses embrace the formulation of cosmetic hair dye preparations, of rubber 
vuleanizing agents, and as an additive agent in electroplating baths. 

Pyrocatechol and certain derivatives have bactericidal and fungicidal properties. 
Pyrovatechol has been used externally in antiseptic solutions and ointments for applica- 
tion to wounds and burns. Componnds of pyroratechol with bismuth and antimony 
which possess medicinal properties have heen deserihed. The compound of bismuth 
and tetrabromopyrocatechol is said to be a relatively nontoxic, odorless astringent, 
antiseptic, and deodorant. The sodium salt of antimony(I1]) bis(3,5-pyrocatecholdi- 
sulfonie acid) (stibophen, U.S.P. XIV) has specific medicinal applications (see Vol. 2, p. 


TABLE I. |. Simple Derivatives of Pyrecatechol. 


Substituents on c ‘atom number: 

















Compound a 2 A Ove AUPE nts ar "prep aration: 
Pyrocatechol € H “OH — See pp. 309-11 
Guniacoal OIL OCH; = Distillation product, of 


guaiwcum resin; — iso- 
lated from beechwood 
tar; degradation prod 
uct: ‘of Hgnin 

Veratrole OCH, OCH, — Decomposition product 
of naturally occurring 
substances, for exam- 
ple, alkaloids 


Protocatechuie acid OW OH COOH Alkali fusion and electro- 
lytic oxidation of lignin 

Homopyrocutechol OH OH CH, As methyl ether in 
heechwood tar 

4-n-Propylguaiacol OH OCH, CH.CH.CH, Alkali fusion of lignin 

Eugenol ou OCH, CH.CH:CH:, Tn cloves; degradation of 
lignin 

Tsocugenol ou OCH, CH:CHCH; In nutmeg oil, ylang- 
ylang oil 

Chavibeto] OCH, OTT CHLCTI: CH Tn betel-nut leaves 

Conifery! aleoho! OH OCH; CH:CHCH,OH As the glucoside coniferin 


in the sup of the cam- 
bium of conifers 


Vanillin (q.v.) OH OCH; CHO Degradation of lignin 
Vanillic acid OH OCH; COOH Degradation of lignin 
Acetoguaiacone OFE OCH; COCH, Alkaline hydrolysis of 
(4-hydroxy-3-methoxyaceto- lignosulfonic acid 
phenone) 
Acetylvanilloyl OH OCH; COCOCH, Alcoholysis of wood. 


(1-(4-hydroxy- -3-methoxyphenyl)- 
1,2-propanedione) 


a-lithoxypropioguatacone OW OCH, COCH(OC.Hs)CHs Alcohalysis of wood; deg- 
(a-ethoxy-4-hydroxy-3-methoxy- radation of lignin 
propiophenone) 
Veratraldehyde OCH, OCH, CHO Degradation of lignin 


Veratric acid ; QCH, OCH; COOH Degradation of lignin 
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66). Pyrocatechol is the starting point in the syuthesis of epinephrine (adrenaline), 
the active principle of the medulla of the adrenal gland (see Vol. 5, p. 765), Piperonal 
(see Vol. 10, p. 324), a perfune with the odor of heliotrope, can be synthesized by start- 
ing from pyrocatechol, and certain ketals of pyrocatechol are claimed to be useful as 
synthetic perfume ingredients. 

As x component of the natural tannins, such as gambier, hemlock, quebracho, 
mimosa, mangrove, aud oakbark, pyrucatechol is inyportant for tanniug leather. A 
bis(dihydroxyphenyl)methaue derivative of pyrocatechol, obtainable by the condensa- 
tion of pyrocatechol with formaldehyde, can be used in the preparation of synthetic tan- 
hingagents, Since this compound is in itself sufficiently soluble, subsequent sulfonation 
is not required and the deleterious effects of sulfonic acids may be avoided. See Tan- 
ning matertals, 

Synthetic resins can be prepared from pyrocatechol (see Phenolic resins). Apart 
from the condensation products ohbtamed by reaction of pyrocatechol with formalde- 
hyde, acctaldehyde, or acetone, the monomeric pyrocatechol esters containing an un- 
saturated alkyl group can be polymerized to form products of interest as laminating 
resins (21). An interesting ancl recent application of pyrocatechol condensation prod- 
ucts is their use in the treatnient of nylon fabrics to improve their light stability. 


Derivatives 


Numerous derivatives of pyrocatechol are found as such in vegetable products or 
among the substances isolated after their degradation. A list of simple derivatives of 
pyrocatechol with reference to their occurrence or preparation is given in Table ITT. 
See also Phenolic aldehydes; Phenolic ethers. 
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PYROCATECHUIC ACID, CoE(OIL)2. See Pyrocateehol, . 313. 
PYROCELLULOSE. See Irplosires (high), Vol. 6, p. 36. 

PYROCHLORE, NaCaChOgF. See Columbium. Vol. 4, pp. 31-4, 316. 
PYROCOLE, C4HsN(CO)NC\H:. See Pyrrole and Pyrrole Derivatives, py. 352. 


PYROGALLOL 


Pyrogallol (1,2,8-henzenetriol GC LPLALC.), 1,2,3-tribydrosybeugene, pyrogullie acid, 
“yyro”), CeH3(OH);, formula weight 126.1, is a2 lustrous solid consisting of white 
needle or Jeaf-shaped crystals, which become grayish on exposure to air and light. 
Pyrogallol is used widely as an absorbent for axygen in gas anulysis; asa photographic 
developer and in process engraving aid lithography: medicinally in salves for certain 
extemal skin applications; and in some hair cdves aud in the dyeing of leather and furs. 
Pyroyallol was first observed by Scheele in 1786, and prepared hy Braconnot in 1832 by 
the thermal decarboxsdation of gallie acid (3,4,5-frihydroxybengoic acid). He noted 
that it rapidly reduced metallic silver from silver nitrate solutions while gallie acid 
reduced it only gradually. See also Phenol and phenols. 


Physical and Chemical Properties 


Constants. M.p., 138-134°C.; bep., 309°C.: distills with partial decompn. at 
293°C. at 730 mm. pressure: siblimes without decumpn. when heated slowly; sp.gr. 
at °C, [.4538; heat of combustion, 639 kg-cal./mole; solubility, in parts per 100 
parts solvent, 40 in water at 13°C), 62.5 in w ater af 25°C), 100 tn alcohol at 26°C., 
83.8 in ether al 25°C. It is slightly sohible im henzeue, chloroform, and carbon disul- 
fide. 

Reactions. Oxidation is the most important reaction of pyrogallol, which is the 
strongest reducing agent among the polyphenols, Pyrogellol is oxidized rapidly in air, 
alkaline aqueous solutions heing darkened wheu exposed to air; sodium sulfite ucts to 
prevent such oxidation. “Pyrogellol vxidized,” obtained by the action of air and 
ammonia on pyrogallol, is a brownish-hlack to black lustrous powder, which is almost, 
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insoluble in water, sleohol, or ether, but soluble in alkalies, Hexaliyvdroxydiphenyl 
(biphenylhexol), (HO). AGnemensme Day i is formed by shaking pyrogatlol with barium, 
hydroxide solution while air is passed through. li solutions of hydrogen peroxide, 


316 PYROGALLOL 


pyrogallol is oxidized rapidly in the presence of such catalysts as colloidal suspensions 
of metals or metallic oxides, and light is given off. 

Purpurogallin (V) results from electrolytic and other mild oxidations of pyrogallol 
(1). The reaction is helieved to proceed through 3-hydroxy-o-benzoquinone (IT) and 
3-hydroxy-6-(3,4,5-trihydroxyphenyl)-o-benzoquinone (III). The latter in the form of 
its tautomerte triketonic structure represents the vinyl aualog of a 6-diketone, and acid 
hydrolysis leads to ([V), followed by cyclization and loss of formic acid to yield 
purpurogallin (3). 

If pyrogallol is hydrogenated over a nickel catalyst, a mixture of stereoisomeric 
1,2,3-cyelohexanetriols is produced, CsH 9(OH)s, according to Sabatier. In a more 
recent study, dihydropyrogallol was isolated by hydrogenation in the presence of one 
mole of allcali: 





H OH 0 
On | 
L ; --OH HCl Ol 
—OH H2(1000 p.s.i) E aC 
Ranoy nickel -ON — OR + Nae 
-—ONa a 
Ho 


Pyrogallol differs from its symmetrical isomer, phloroglucinol (¢.v.), im not reacting 
us a ketone with hydroxylamine, 


Analysis 


The National Formulary test for pyrogallol is as follows: 1 ml. of freshly prepared 
axeous solution of pyrogallol (1 in 20) is colored brownish red by a few drops of ferric 
chloride test solution. Freshly prepared ferrous sulfate test solution produces a 
blue color in an aqueous solution of pyrogallol (11). 

Pyrogallol can be detected in amounts of the order of 0.6 microgram by the violet to 
orange color which results from the addition of phloroglucinol to an ammoniacal soln- 
tion of pyrogallol. Ammonium molybdate in the presence of acetic acid gives a 
reddish-brown color with pyrogallol, as well as with other o-hydroxyphenols. 

Pyrogallol combines with osmium tetroxide to form a compound which is reddish 
violet in dilute solution and almost blaek in concentrated solution. This reaction is 
extremely seusitive and is capable of detecting as little as 1 part of pyrogallol in 2 million 
parts of water (8). Various othee color tests for pyrogallol have been reported 
(5,9,14). 


Manufacture 


Naturally occurring tannins which yield gallie acid on hydrolysis break down to 
pyrogallol when decomposed by heat. The pyrogallol grouping is also present in 
certain anthocyanins and other natural substances, 

Pyrogallol occurs in combined form in creosotes and can be prepared by digesting 
suitable fractions from these under pressure with hydrochloric acid. It has been syn- 
thesized from benzene in the laboratory, but the process is too difficult and expensive 
to be used industrially. 

Before the 20th century, pyrogallol was produced largely in Germany. With the 
development of the United States photographic chemicals industry, its manufacture, 
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was begunin the U.S. The commercial proress is based on Scheele’s original procedure 
starting with crude gallie acid (q,0.) or dried gall mash. It proceeds acearding to the 
following equation: 


CeH.(OH),COOH ———> C,HOH) + CO, 


allie acid is heated with about half its weight of water in a copper autoclave until 
the pressure reaches 12 atmospheres and the temperature is 175°C. Steam and earbon 
dioxide are then allowed to escape, leaving sufficient water to keap the pyrogallol quid. 
The cooled solution is decolorized with animal chareoal and evaporated wutil the vola- 
tile pyrogallol has distilled over into iron receivers. The solidified material is purified 
by repeated distillation or sublimation. 

If crude gallic acid, or dried gall mash, is distilled in vacuum at about 300°C., 
virtually pure pyrogallol is ohtained (8a). 

Pyrogallol production figures have not been listed separately in recent U.S. 
Tariff Commission reports, Three manufacturers are given as reporting in 1949, but 
only two in 1950-1952. The estimated production in 1950 was approximately 
35,000 pounds. The price of the technical grade (umps) in March 1953 was $2.76~ 
2,81 per pound, while the price of the N.I. grade was $3.25-3.30 pound. 


Grades and Specifications 


Pyrogallol is available in the following grades, as given by two manufacturers: 
crystals (photographic); NF. UX erystals; reagent grade; U.S.P. crystals; re- 
sublimed U.S.P.; and technical powder. Specifications for the different grades are 
shown in Table I. Pyrogallol is sold in bottles, barrels, and drums up to 250 Ih. 


TABLE I. Specifications for Different Grades of Pyrogallol. 





_Ash or 
as ignition , 
Grade Appearance Solubility in water M.p., °C) residue, % Miscellancous tests 





Crystals (photo- 
graphic)? 


NFL IX erystals 


Coarse, white, 
free-flowing 
powder 

Coarse, nearly 
white crystals 
haying a charac- 
teristic odor 


38% at 25°C, 


Forms practically 
clear, slightly 
yellow solution 


132-133 


Slightly acid to lit- 
mus 


Reagent grade _ _ 131-138 0.01 Cl, 0.001%; sulfate, 
0.01%; Fe, 
0.001%; other 
heavy metals (As, 
Ph), 0.001% 
US.P. erystals White crystalline  YFormsclear, color- 130-1388 (0.02 —_ 
powder less solution 
Resublimed Fine white erys- = Formsclear, coler- 130-1383 0.02 —_ 
USP, talline powder less solution 


Technica] powder 


Gray, granular 
powder 


Almost completely 
soluble in water 








Purity by henzene 
extraction, 90% 





-@ ASA specification: white to gray crystalline powder; dissolves in water to form a clear colorless 


solution; .m.p., 180-183°C.; 0.02% maximum ash; 0.001% maximum heavy metala (As, Pb); 
0.001% maximum Fe (1). 


31g PYROGALLOL 


Owing to the ease with which pyrogallol is oxidized, it must he stored in tight con- 
tainers, protected From light. 


Toxicity 

Although there are few recorded cases of actual deaths from pyrogallol, it is recog- 
nized as being extremely poisonous. [ts main medicinal use is in the form of 25-10% 
ointment, and it is important that such a salve should be applied over small areas of 
skin only. Overextensive use on the skin may cause discoloration, local irritation, 
eczema, or even death, In addition, repeated contact with the skin may lead to sensi- 
tization. 

The principal symptom of poisoning attributable to pyrogallol is its effect on the 
red bload corpuscles, which break down and lose their hemoglobin. The tremendous 
affinity of pyrogallol for the oxygen. of the blood has been shown in experimental ani- 
mals, where complete removal of the oxygen from the blood occurred Gvith resulting 
death) as well as fragmentation and destruction of the red blood corpuscles. 

Severe pyrogallol poisoning also leads to degeneration of the liver and kidneys, and 
symptoms exhibited in such cases include urinary disturbance, headache, cyanosis, 
chills, vomiting, and diarrhea (4,8). 


Dses 


Chemical Analysis, Alkaline solutions of pyrogallol are used for determining 
oxygen in gas analysis, when the evolution of carbon monoxide must be prevented (6). 
In alkaline sohition pyrogallol is an almost universully used absorbent for oxygen m 
fine gas, illuminating gas, water gas, coke-oven gas, ctc., and is employed for main- 
taining anaerobic conditions in bacterial enltures, It is also used as a reducing agent 
in treating gold, silver, and mereury salts, and as a minor reagent in other analytical 
methods. 

Photography (q.v.). Pyrogallolis the oldest of the developing agents still in general 
use. It was introduced by Scott-Archer in the wet collodion process in 1852, but was 
not used in alkaline solution until 1862, nor was sodium sulfite used as a preservative 
until 1882, 

Pyrogallol is a very flexible deyeloping agent, much more capable of modification 
than some of the agents that have largely replaced it. Strong contrasts are possible 
with concentrated solutions, and soft delicate shades are achieved with more dihite 
solutions aud lower alkali concentrations. 

However, pyrogallol has a wumber of disadvantages which have caused a decrease 
in its use. Since it oxidizes readily, the yellow oxidation product staius the gelatin so 
that the useful life of a pyrogallol developer is short. The oxidation taking place dur- 
ing development and the consequent reduction of the exposed silver halide to metallic 
silver produce a stain image with most developers. The stain image formed with 
pyrogallol is more intense than with other developers and in addilion shows wide varia- 
tions, depending on such factors as the amount of sodium, sulfite or other preservative 
used, the amount of solution exposed to the air, the temperature, and the degree of 
agitation, Since the density and contrast of the negative vary with the stain image, 
it is dificult to secure us uniform results with pyrogallol as with other developing 
agents (10). 

Pharmaceutical. Pyrogallol is used extemally in the form of an ointment or a 
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solution in the treatment of skin diseases, such as psoriasis, ringworm, and lupus 
erythematosus, Cosmetiecally, it is used to some extent in hair dyes. 

Jnutustrial. Pyrogallol is nsed as a mordant in leather dyeing, and as a raw ma- 
terial in making some azo dyes. Jt also is used as a reageut in dycing furs and skins 
to produce vellow and yellow-brown shades, It is an ingredient of pats and var- 
nishes containing hardened fatty oils, resins, npaphthenie acids, and other similar com- 
positions, 

Pyrogullol and its alkyl derivatives have found limited use us gasoline antioxidants 
(12). Pyrogallol is among the alkali-seluble catalysts which have heen found to be 
rapid and evonomical agents in the treatment of solutions used for removal of 
mercaptans from gasoline (7). 


Derivatives 


Pyrogallol monoacetate (monoacetylpyrogallol, Eugallol, G4O).CsH,QOCCHs, 
formula weight 168.14, is a white or brownish liquid, b.p.. about 185°C., soluble in 
water, alcohol, chloroform, ether, and acetone. Tt is made from pyrogallal and acetic 
anhydride and is marketed only as a 67%, solution in acetone, whieh is a reddish- 
brown sirupy liquid. The monoacetate has been recommended for ihe treatment of 
chronic dermatitis, 

Pyrogallol triacetate (acetpyrogall, NIN.R. 1951, Benigallol), CysH,(OOCCH,),, 
formula weight 252.22, is a white crystalline powder, mp. 164-165°C. It is very 
slightly soluble in water, but is soluble in alcohol and ether. The triacetate is com- 
mercially available, and is used in medicine as a substitute for pyrogallol. However, 
it also is somewhat toxic since it gradually liberates pyrogallol. 

Gallein (pyrogallolphthalein, -4,5-dihydroxyfluorescein, tetralyydroxyfluoran), 
CakwO7, formula wt. 364.30, forms greenish-yellow erystals when anhydrous and 
red erystals with one and a half molecules of water. The water of crystallization is 
driven off at about 180°C. and the eompound decomposes above this temperature. 
Gallein is only very slightly soluble in hot water, and almost insoluble in benzene or 
chloroform. It is slightly soluble in hot ether, and soluble in alechol, acetone, and 
ilkalies. It is obtained by heating one part of phthalic anhydride with two parts of 
pytogallol or gallie acid. 

Gallein is used as « sensitive indicator for acids, alkali hydroxides, and ammonia, 
but uot far carbonates. It also is used for determining phosphate in urine. 

Gallacetophenone (4-acetylpyrogallol, 2,3,4-trihydroxyacetophenone, Altzarin 
Yellow C), CyH,yO,, formula weight 168.14, occurs as leaf crystals or a gray powder of a 
yellow or brown tint, m.p, 173°C. Tt is slightly soluble in water, soluble in alcohol and 
in ether, and very slightly soluble in benzene. It is used medicinally as an antiseptic 
for skin diseases. 

Alkyl Ethers. (Sce also Phenolic ethers.) Both the monomethyl ether and the 
moncethyl ether have been suggested as starting points in making photographic de- 
velopers having no tendency to become oxidized. 

The {,3-dimethyl ether (2,6-dimethoxyphenol), (CHsQ)sCsH,0H, formula weight 
154.16, is a white, monoclinic crystalline material, m.p. 55-56°C., b.p. 262.7°C.  Itis 
soluble to the extent of 1.75 parts per 100 parts of water at 13°C., ancl it is very soluble 
in aleohol.and in ether, A number of methylated, ethylated, or other substituted 
pyrogallols have been patented for photographic use (10), 
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PYROGENS. Sce Pharmaceuticals, Vol. 10, p. 242. 


PYROLIGNEOUS ACID. See Acetic acid, Vol. 1, p. 61; “Caletum acctate” under 
Caletum compounds, Vol. 2, p. 748; Wood. 


PYROLUSITE, MnO:. Sce Manganese compounds, Vol, 8, p. 745. 


PYROLYSIS 


Any method for decomposing a compound by thermal means is a pyrolytic technique. 
Various procedures are possible, according to the example at hand; these are here 
briefly reviewed. 

Some pyrolyses take place at relatively low temperatures and in solvents. Two such 
examples of compounds decomposing at about 60°C. in benzene solution are an acid 
azide (benzazide, CeH;CON;, into phenyl isocyanate, CsH;NCO) and an aliphatic 
diazo compound (azibenzil, CsH;CN,COC,Hs, into diphenylketene, (CysHs)2C:C:0). 
This type of reaction is conducted in a glass flask, which is suitably protected from 
water and air but provided with a vent to remove nitrogen. An alkylmalonic acid, 
HOOCCHRCOOH, may be heated under a reflux condenser to 180-200°C. until the 
evolution of carbon dioxide ceases, to obtain an alkylacetic acid, RCH,COOH. 

Refluxing isa common pyrolytic procedure. Ethyl acetoacetate, CH;COCH,CO- 
OCH, b.p, 181°C., changes to dehydroacetic acid, COCE (COCHs) COOC(CHs) ; CH, 





and ethyl aleohol in this manner. Provision must be made to remove the alcohol 
as formed, however, or its low boiling temperature (78°C.) causes cessation of the re- 
action, Another example is the Elbs reaction. Here an o-methylbenzophenone, 
CH;CsHaCOCcHs,, is heated to boiling or to about 350°C. to form an anthracene. 
Vapor-phase procedures (pyrolysis of propane, ethylbenzene, tetramethyllead, 
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benzene, ete., at temperatures of 500-800°C.) require a reaction tube and a method 
of heating. ‘Tubes may be of porcelain, glass, quartz, or metal, Heat may be applied 
by a gas-fired furnace, an electric furnace, or by a simple winding of the tube with 
electrically heated resistance wire. Tubes may be empty or packed with indifferent. 
material. The same technique frequently is adopted if the tube is packed with cat- 
wlytically active material (alumina tn dehydration of au aleohol, or brass turuings 
in dehydrogenation of an alcohol); this, however, is no longer a pyrolytic procedure; 
instead, it becomes a catalytic procedure. Recording of the temperatures may be 
by manual or automatic devices. Usually, one or more protected thermocouples 
are placed within the reaction tube if the tube is hig enough: otherwise, it is placed 
alongside the tube. Quartz, nickel, or iron tubes, for example, behave comparably 
with butane at 600°C., giving rise chiefly to smaller olefins and paraffins, but a Monel 
tube when used under the same conditions leads to extensive formation of carhon and 
hydrogen. Again, acetone decomposes smoothly into ketene at 700°C. in tubes of 
chrome-steel or copper (copper-lined iron), but in iron or nickel tubes there is extensive 
carbonization. 

Passing organic vapors through a glowiug filament of Chromel, platinum, or tung- 
gteu is another popular pyrolytic procedure. This is a satisfactory way to pyrolyze 
acetone into ketene, for example. The apparatus is named a “ketene lump.” Buta- 
diene may be made from cyclohexene in the same apparatus, or carbon suboxide, 
C02, together with acetic acid and carbon monoxide, from diacetyltartarie anhy- 
dride, OCOCH (OOCCHs)CH(OOCCH,)CO. 





Important industrial pyrolytie procedures are the following: (/) cracking of 
hydrocarbons in the petroleum industry (see Petroleum); (2) conversion of benzene 
into biphenyl (see Diphenyl); (3) pyrolysis of acetone or acetic acid (under diminished 
pressure) Into ketene (see Acetic anhydride; Ketenes); (4) production of carbon black 
(see Carbon (carbon black)) from methane. 
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See also Hxplosives; Incerndiavics; Rockel propellants; Smokes, chemical. 


MILITARY PYROTECHNICS 


Military pyrotechnics are items of ammunition that are employed primarily for 
either illumination or signaling. As an inslrument of warfare, military pyrotechuies 
have been in use for many centuries. Greek fire, which consisted essentially of a mix- 
ture of sulfur, resin, camphor, and other combustible substances, melted with potas- 
sium nitrate, was a form of pyrotechnics used as an incendiary agent in the 7th century. 
Its preparation and manufacture were a secret: which the Greeks guarded jealously 
for a full 400 years. War rockets containing pyrotechnic compositions were employed 
by the British during the Revolutionary War against Ametican troops and by the Hin- 
dus agamst the British troops in the Mutiny. The well-known line from the Ster 
Spangled Banner “and the rockets’ red glare” refers to the use of rockets in the war 
of 1812. During the 18th century considerable skill in the manufacture of pyro- 
technics was acquired by the French Government through their Ordnance Depart- 
ment. In the United States, records dating back to 1849 show and describe pyro- 
technic devices of various kinds ag a component of general ammunition issue. 

Pyrotechnics came into very prominent use during World War I, when the pres- 
ence of opposing armies in trenches separated by only short distances intensified the 
need of protection against surprise attack by illuminating methods which could be 
employed uuder these trench conditions. Also, the employment of barrage fire re- 
quired emergency methods of signaling changes in range and point of concentration, 
which could most economically and surely he effected by the use of pyrotechnic signals. 

Owing to the perfection of such weapons as the tank, the bombing plane, the sub- 
marine, long-range artillery, the aircraft carrier, and many others during the last 
few decades, there has been a considerable increase in the complexity of modern war- 
fare. While World War I involved trench warfare to a large extent with opposing 
armies remaining in prepared positions for long periods, the mechanized divisions of 
World War II were responsible for rapidly moving fronts. In order to coordinate 
all of these forces and to provide for visual communication between plane and tank, 
tank and artillery, and infantry and air force, both day and night, the development 
of pyrotechnic compositions for varied purposes was absolutely essential, The in- 
creased use of aircraft for bombing and observation purposes requirecl the use of a 
flare which could be released from a rapidly moving plane in order to illuminate enemy 
territory at night for observation and location of targets for bombing. Vlares were 
needed for illuminating landing fields at night in rain and fog. Photoflash bombs 
had to be developed for aerial reconnaissance and night photography to provide a light 
of a half a billion candle power or more, so as to determine the effectiveness of hombing 
as well as to locate suitable targets. A variety of smoke signals, spotting charges, 
bombardment flares, Uluminating shell, and ground and aircraft signals had to be 
developed to meet the new tactical requirement of total war, 
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Pyrotechnic Compositions 


Pyrotechnic compositions are physical mixtures of finely powdered compounds 
and clements which, upon combustion, readily undergo exothermic chemical reactions 
in which a considerable amount of heat. and light is evolved ina relatively short period 
of time. The heat of reaction of a pyrotechnie composition may vary from 500 to 

2500 calories per gram, which represents an appreciable amount of energy. The re- 
action temperatures aftained may be from 800°C). to well over 8500°C. While this 
amount of energy is considerable and often extremely dangerous, it is seldom released 
from a miliary pyrotechnic item in so destructive a fashion as the energy of explosives, 
except ti the caxe of photoflash bombs. This is due (to the relatively slow burning 
rates of the pyrotechiuie composition and to the fact that, in most cases, only a small 
amount of the reaction products is gaseous. However, it must be remembered that 
some loose pyrotechnic compositions may be extremely dangerous sud react with 
destructive violence. Although radiant energy is emitted in the ultraviolet, visible, 
and tfrared regions of the spectrum, only the radiation in the visible region from 400 
to 700 my or £000 to 7000 A. has been utilized in flares, signals, photoflashes, and 
travers. Two typical pyrotechnic compositions used in flares are given in Table I. 


TABLE I. Two Typical I IHuminant Flare Compositions. 


c onstituents and proner C ‘omposition 2 















Barium ‘nitrate, Wooo ccc ccccccccns 68 
Magnesium vonted with 6% Hinseedd nil, i. 42 _ 
Aluminum, %.. 000... ccc et tees 8 21 
Sodium oxalate, i... eee eee 12 h 
Castor 01 Se... cc eee tee eee i 2 
Linseed! ofl, 0 tenes | — 
Sulfa, Yo. ee eee eee teens —_ 4 
Luminous intensity, candles /sqiu.... 2... 75,000 20,000 
Burning rate, im /miinw. . 2... ee ‘] 3.5 
Color value, yellow... 0.00000. ccc ce 0.03 0.04 
Loading pressure, Dp. oe 8,500 6,000 











CONSTITUENTS OF PYROTECHNIC COMPOSITIONS 


The constituents generally employed in pyrotechnic compositions may be classi- 
fied as (J) oxidizing agents, (2) fuels, (8) color intensifiers, (4) retardants, (5) 
binding agents, and (6) waterproofing agents, Typical ingredients in the different 
classes are given below. 

The oxidizing agents used ave: nitrates of sodium, potussium, barium, and 
strontium; perchlorates of potassium and ammonium; peroxides of barium and 
strontium; oxides of lead, iron, copper, silver, and manganese; chromates of harium, 
strontium, lead, and silver; and potassium chlorate. These are all substances in 
which oxygen is available at the high temperature of the reactions involved. 

The following substances are used as fuels: magnesium, aluminum, magnesium- 
aluminum. alloys, zirconium, titanium, silicon, hydrides of zirconium and titanium, 
calcium silicide, phosphorus, charcoal, and sulfur, When these substances are finely 
divided, they readily undergo oxidation with the formation of the corresponding 
oxides aud the evolution of radiant energy. 
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The eolor intensifiers used are: hexachlorocthane, hexachlorobenzene, poly- 
vinyl chloride, copper powder with chlorinated organic compounds, chlorinated di- 
phenyls, chlorinated rubber compounds, chlorinated plastics, and halogenated organic 
compounds (see Chlorine compounds, organic). 

The following substances are used as retardants: carbonatics, oxalaties, and resin- 
ates of metals; asphalt, titanium dioxide, polyvinyl chloride, ethyl ecllulose, sulfur, 
plastics, paraffin waxes, and oils such as linseed! oil, castor oil, and paraffin oil. These 
materials are used essentially to slow down the reactions between the oxidizing agent 
and the powdered metal so as to produce compositions with slower burning rates. 
Some of these substances behave merely as inert diluents while others participate in 
the reaction at a much slower rate than the main constituents. 

The following substances are used as binding agents: resinates of metals, asphalt, 
polyvinyl chloride, ethyl cellulose, plastics, waxes, and oils. These are substanees 
which are added to pyrotechnic compositions in order to prevent segregation and to 
obtain more uniform compositions. In addition, they serve to make finely divided 
particles adhere to each other when compressed into pyrotechnic items and help to 
obtain maximum density and maximum efficiency in burning. These substances will 
burn very slowly with most of the oxidizing agents mentioned above and, therefore, 
produce compositions having slower burning rates. Binders also frequently desensi- 
tize mixtures which are otherwise relatively sensitive to impact aud friction, 

The waterproofing agents used are: resinates of metals, waxes, oils, natural and 
synthetic resins, dichromating solutions, and plastics. These are used as protective 
coatings on metals such as magnesium in order to reduce their reaction to atmospheric 
moisture. ; 

. In many cases a single substance will serve more than one purpose. Tor example, 
the nitrate, peroxide, and chromate of strontium, when used in pyrotechnic composi- 
tions, not only behave as oxidizing agents but also produce red-colored flames due to 
the characteristic molecular bands of strontium oxide, SrO. The intensity of the color 
will depend to some extent upon the flame temperature produced. However, consider- 
able intensification of the color can be obtained by the use of halogen compounds 
which produce additional characteristic molecular bancls in the red region of the spec- 
trum, Thus, the addition of chlorine compounds will give strontium chloride bands 
in:the flame spectra. Chlormated organic compounds such as chlorinated diphenyls, 
polyvinyl chloride, and chlorinated plastics when used together with barium or stron- 
tim nitrates will behave both as color intensifiers and binders in pyrotechnic compo- 
sitions. They also act as retardants and impart some waterproofing properties to 
the metallic fuels employecl. Also, in so far as these chlorinated substances can be 
oxidized, they serve as fuels. 

: The ignition temperatures of most pyrotechnic compositions arc usually com- 
paratively high, over 500°C. ‘Thereforc, in order to ignite them readily, a small 
quantity of so-called “‘first-fire composition”’ is pressed on top of the main composi- 
tion, In most cases the first-fire composition consists of 25% of black powder blended 
with 75% of the main pyrotechnic composition. However, in some cases 2 special, 
readily ignitible, first-fire composition must be used to ignite the main, illuminant 
composition. 

- In addition to illuminating and signal compositions there are mauy other types 
of pyrotechnic compositions such as smoke, incendiary, whistle, dark-fire, tracer, and 
igniter compositions (see Smokes, chemical). 
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Pyrotechnic items generally contain a complete ignition train. In the case of a 
ground signal fired from a projector, the ignition train consists of the following six 
items. 

The primer contains a very sensitive primer mixture such as potassium chlorate, 
charcoal, barium nitrate, aul trinitrotolueue. This primer is set off by a firing 
pin. Primer compositions are mixtures which are verv sensitive to impuct, flame, 
shock, and stab action. They require special care in their preparation and load- 
ing. They contain one or more sensitive explosives like lead azide, or mercury fulmi- 
nate, together with an oxidizing agent stich as potasshim chlorate, Other cunstituents 
generally used in primer mixtures are lead thiocyanate, antimony sulfide, silicon car- 
hide, and ground glass. See also Erplosives, Vol. 6, p. 7. 

The propelling charge usually contains black powder, It is ignited from the flash 
or “spit” of the primer composition. See also Vol. 6, p. 3. 

The delay powder is ignited by the propelling charge and burns while the signal 
is advancing to the expected altitude. Delay fuze powders of the nongaseous type are 
essetially inorganic mixtures of oxidants aud powdered metals which yield nongaseous 
products upon combustion. They are used to ignite and set off the rest of a powder 
train at a definite predetermined time within « certain allowable precision. The fuze 
powder must burn for a definite time so as to produce a delay, and also supply sufficient 
heat at the end of the delay time, at the puint of contact of the fuze powder with the 
rest. of the powder train, in order to ignite the powder train. A typical delay powder 
consists of 89° lead chromate, 10°% silicon, and 1% linseed oil. This composition 
yields 406 calories and about 18 ml. of gas per gram, whereas black powder gives abont 
700 calories and 300 mi, of gas per gram. 

The expelling charge pushes the Uluminant assembly out of the signal case and 
simultaneously ignites the quickmatch on top of the first-fire composition. Quick- 
match is essentially cotton string coated with black powder by means of an adhesive. 
Under confinement it burns very rapidly and readily ignites the first-fire composition. 

Next comes the first-fire composition, and then the main illuminant composition. 


PREPARATION AND LOADING OF PYROTECHNIC COMPOSITIONS 

Pyrotechuie compositions fov military purposes are generally prepared by either 
one of two methods, uamely, dry blending or wet mixing. In dry blending the in- 
ereciients are weighed separately and placed in a conical blender having a capacity of 
5 to 50 pounds. Bronze balls about 1 inch in diameter are added to the extent of 2 
pounds for every pound of composition. For compositions that are unusually sensi- 
tive to impact and friction, wooden balls of lignum vitae or rubber stoppers are em- 
ployed. The blending is generally complete after about a half hour. For wet mixing, 
a Simpson intensive mixer containing mixing tools, mullers, and pan made of stainless 
steelisemployed. ‘The weighed dry ingredients are placed in the pan and an appropri- 
ate solvent such as alcohol, acetone, benzene, or methyl ethyl ketone is added in suffi- 
cient quantity to make a thick paste. ‘The mixing tools, scrapers, and mullers are ad- 
justed so as not to touch the pan, The mixer is allowed to run until the composition 
becomes sufficiently granular to be sereened but not entirely dry. The time required 
may be 20 minutes to 2 hours. After screening, the mixture is dried in a steam-heated 
oven at about 80°C. For cither method, all equipment must be properly grounded, ex- 
plosion-proof, sparkproof, and operated by remote control. Every precaution must be 
taken to prevent static electricity from accumulating and discharging on any of the 
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equipment. or personnel during these operations. [ach mixer is usually located in a 
separate cubicle, three sides of which have sufficiently thick concrete walls to protect 
the operator in case of an explosion or fire. The fourth side is a relatively weak wall 
with plastic windows which will readily relieve the sudden gas pressure produced by 
an explosion or fire. 

Except for some smoke compositions and photoflash mixtures for which loose 
compositions are employed, pyrotechnic compositions are generally consolidated by 
pressing them into cylindrical paper or metal cases in the form of candles about, }g to 
6 inches in diameter and !|3 to 30 inches in length, depending upon the pyrotechnic 
items in which they are to be used. These candles burn progressively from one end 
to the other (like a cigaret). By asuitable choice of ingredients as well as variation in 
their proportions, a range of effects can be obtained from no visible Mlumination, as in 
the dark-fire portion of a blinker signal, to the intense flash of a billion candles or more 
from photoflash hombs. Similarly, compositions can be obtamed im which the pred- 
ucts are all nongaseous or which will give a characteristic voluminous smoke, 


CHARACTERISTICS OF PYROTIEECHNIC COMPOSITIONS 

The most important characteristics of pyrotechnic compositions are: (7) lumi- 
nous intensity, candles per square inch of burning surface; (2) burning rate, inches per 
minute; (8) color value (saturation of volor), ratio of apparent luminous intensity 
through appropriate glass filter to total luminous intensity; (4) efficiency, candle- 
seconds per gram or per milliliter of composition; () color and volume of smoke 
(for smoke compositions); (6) sensitivity to impact; (7) sensitivity to friction; 
(8) ignition temperature (temperature to cause ignition); (9) ignitibility; (70) 
stability; (77) hygroscopicity; (72) heat of reaction. 

Luminous intensity (candle power), burning rate, and color value are the usual 
military requirements which must be met in pyrotechnic compositions used for illumi- 
hating and signaling purposes. Sensitivity to impact and friction should be minimum 
for safety, while ignition temperature, ignitibility, stability, and bygroscopicity are 
important in determining the certainty of functioning. Standard tests have been 
dleveloped for measuring these characteristics. 

The luminous intensity of the flame from a pyrotechnic composition can he meus- 
ured by an iluminometer consisting of a barrier-layer photocell connected to 2 micro- 
ammeter. A special green glass correction filter (Viscor filter) is employed aver the 
photocell to corvect the response of the cell so that it is approximately the same as the 
response curve of the ICI Cuternational Commission of Uhimination) “normal eye.” 
The candle containing the pyrotechnic composition is mounted in a flare pit at the 
end of a darkened flare tunnel which is at least 50 feet long and painted flat black to 
reduce the reflection of light to a minimum. The photocell is placed at a measured 
distance from the candle. Provision for adequate smoke removal must be made by 
natural or forced draft so that the smoke of the burning composition does not pass in 
front of the flame. 

To determine the color value or depth of color of the flames of a pyrotechnic com- 
position, simultaneous light-intensity measurements are made with two Weston 
iluminometers whose barrier-layer photocells are equipped with Viscor filters. On 
one luminometer, an appropriate colored glass filler is used in addition to the Viscor 
filter, This colored glass filter is chosen to transmit ouly the wave lengths of light 
emitted by the color-producing spectral emitters in the fame. ‘The relative saturation 
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of the fame, which is designated as the color value, is expressed as the ratio of the lumi- 
lous intensity measured through the colored filter to the total Inminous intensity. 
Minimum color values have been established for reed, green, aud yellow pyrotechnic 
compositions to insure the required depth of color needed for each particular item. 
This method indicates any abnormally low saturation of color and works satisfactorily 
for production control of pyrotechnie compositions fur colored flares and signals. 
However, because of its inherent simplicity of measuring only one spectral component, 
it cannot decribe the exact hue of the flame. In order to do this a method must be 
used which will indicate the colors in terms of the universally standard LCL, system 
(see Color measurement). 


FACTORS AFFECTING THE CHARACTIERISTICS OF PYROTECHNIC COMPOSITIONS 


The characteristics of pyrotechnic compositions are determined by: (1) grauula- 
tion of ingredients (average particle diameter anc sperifie surface) and particle 
shape; (2) burning surface aren; (3) purity of ingredients; (4) type of candle case; 
(5) loading pressure; (6) presence of moisture; (7) degree of confinement during 
combustion. 

The burning characteristics of a pyrotechnic composition are markedly affected 
by the granulation (that is, specific surface) of the ingredients. In general, as the 
average particle diameter of the ingredients is reduced, the buruing rate and luminous 
intensity will increase while the color saturation will derrease. Therefore, careful 
contro] must be maintained of the specifie surface of the ingredients in order to ob- 
tain reproducible light intensities, color values, and burning rates. Most specifications 
for the ingredients of pyrotechnic compositions include a sereen analysis using 0.38. 
standard sieves for the control of granulation. This was found to be inadequate 
for magnesium metal powder as well as other metal powders. During Work 
War II the powdered magnesium used in pyrotechnic compositions had various: 
particle shapes, which were due to the different) grinding methods employed 
for producing it. This resultel in considerable difficulty in the manufacture of 
fares and signals because, even though the sieve grauulations of the magnesium 
powders were the same, the specific surfaces were different, and therefore different 
light intensities and burning rates were obtained for compositions having the same 
formulation. The powdered magnesium produced by atomizing molten magnesium 
in helium or natural gas cousists of spherical particles. When this form of powdered 
magnesium is employed in pyrotechnic compositions, reproducible burning character- 
istics are obtained for the same sieve granulations. Furthermore, because of the 
smaller surface of these particles for the same granulation, this form of powdered 
magnesium is more resistant to attack by atmospheric moisture. 

The effect of increased loading pressure upon most pyrotechnic compositions is 
to decrease the burning rate. With compositions containing magnesium, the lumi- 
nous intensity is also increased somewhat, while in the case of compositions containing 
aluminum as the chief fuel, the Imminous intensity is relatively unaffected by changes 
in loading pressure (see Table II). Loading pressures of 2,000 to 25,000 p.s.i, are 
generally employed, the lower pressures being used in large-diameter flares to avoid 
the need for very large presses. 

The type of candle case employed in the loading of a pyrotechnic composition 
nuty bave a marked effect on the burning characteristics. Thns, the same composition 
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TABLE II. Effect of Loading Pressure on Luminous Intensity. 


















Luminous intensity, enndles/q. it - Burning tate, in./min, 
6,000 78,000 9.8 
10,000 82,000 9.1 
14,000 90,000 9.0 
18,000 93,000 9.0 








loaded in & metal case gives a higher light intensity and a higher burning rate than it 
does in a paper case. 

The combustion of pyrotechnic compositions is a surface phenomenon in which 
layer-to-layer burning takes place. The burning rate of the composition is affected 
markedly by the degree of confinement under which it is burned, because of the 
gaseous products of the reactions, The greater the gas pressure, the faster the burning 
rate will be, so that under favorable conditions the reaction may proceed with such 
rapidity as to produce an explosion. Such is the case in photoflash compositions. 
As shown in Table IIT, the burning characteristics of pyrotechnie compositions change 


TABLE IN. Effect of Burning Surface Area on the Luminous Intensity and Burning Rate. 











Turning area, Total luminous Luminons intensity, Burning rate, 
sq.in, intensity, candies eaudles/aq.in, in./min, 
2.7 446 , 000 165,000 14.3 
3.4 602 , 000 177,000 14.0 
5.0 726 , 000 145,000 13.9 
10.8 1,426,000 182,000 19.4 





somewhat with the diameter of the candle cage, that is, the burning surface area. 
These effects may not be the same with all compositions. However, in general, the light 
intensity is approximately directly proportional to the burning surface area. Most pyro- 
technic compositions are not stoichiometrically balanced. In fact, in order, to obtain 
very high light intensities, an excess of magnesium is necessary, Since there is insuf- 
ficient oxidant in such compositions to oxidize all of the magnesium, a considerable 
proportion of the light output is due to the excess magnesium burning in air. By 
increasing the burning surface area, the amount of composition burned in the same 
time is proportionately increased, producing a longer and wider flame which gives an 
increased light output. . 

The problem of stability is a very important factor which must be considered in 
formulating and developing military pyrotechnic compositions. Powdered magnesium 
and aluminum, which are the principal fuels employed in pyrotechnic compositions, 
tend to be oxidized slowly in the presence of moisture, forming their hydroxides and 
releasing hydrogen. The presence of impurities in the metal, such as iron, copper, 
lead, cadmium, zinc, nitrides, carbides, and chlorides, may accelerate the corrosion. 
Nitrates of sodium, barium, and strontium, sodium oxalate, and other normal con- 
stituents in pyrotechnic compositions also frequently accelerate this reaction and 
produce other chemical reactions in the presence of moisture. Therefore, the initial 
presence of moisture in a pyrotechnic composition will inevitably cause oxidation of 
the metal with the liberation of hydrogen and of other reaction products depending 
upon the other constituents. Sufficient gas pressure may be produced to cause the 
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distortion or rupture of the pyrotechnic component. Furthermore, the ignition of 
such pyrotechnics may be followed by an abnormally rapid burning rate or even an 
explosion. Wherever possible, nonhygroscopic ingredients shoul be employed. 
Commercial grades of chemicals frequently contain slight impurities which render 
them much more hygroscopic than the corresponding pure chemicals. Thus, techniral- 
evade strontium nitrate has a critical relative humidity less than 50°), whereas the 
critical relative humiclity of pure strontium nitrate is about 85°7, af, room temperatives. 
The pure material could be processed in pyrotechnic mixtures at room tenyperatures 
when the relative humidity was less than 75° without auy appreciable absorption of 
moisture, whereas the technical grade requires a relative humidity below 40% for 
processing. Therefore, in order to produce stable pyrotechnic items if. is frequently 
cheaper in the long run to use a pure grade than a technieal grade. In order to im- 
prove the resistance of magnesium to moisture it is frequently precoated with linseed 
oil. However, this process is not completely effective, particularly at the elevated 
temperatures to which pyrotechnic items may be subjected during storage. A more 
recent method of increasing the resistance of powdered metals to moisture is dichromat- 
ing them with a dilute acid solution of potassium dichromate. 

The visibility of a pyrotechnic Mure or signal depends upon the luminous intensity 
and color of the fame and wpon the weather. On a clear dark night, at a distance of 
about 4400 feet, the minimum light intensity required for bare visibility is 0.09 candle 
for red, 0.18 candle for amber, 0.23 candle for white, and 0.25 candle for green. In 
clear daylight about 3500 to 5000 times the above intensities are required. In general, 
for all weather conditiuns, red light requires the lowest intensity for visible trans- 
mission. However, deep recl-colored flames are not always obtaiuable with very high 
intensities. It is also interesting to note that a light source can still be seen as such, 
long after its color becomes indetermiuable. Blue is indistinct and valueless as a 
signal light, 

For dhuminuting purposes only, white or yellow tinted flames frum pyrotechnic 
compositions are employed, since the highest luminous intensities are obtained from 
such compositions, The three colors used in signals and colored flares are red, green, 
audamber. Spectrograms of the flames of a large number of pyrotechnic compositions 
used in flares and signals show that, for most compositions used to produce any particu- 
lay flame color, the color is always due to the same spectral emitters. For example, 
most red compositions contain essentially strontium nitrate, maguesium, at organic 
chlorine compound, and an organic binder. Orgauic chlorine compounds are em- 
ployed, rather than inorganic chlorides, because the latter are more or less soluble in 
water and are generally incompatible with metal powders such as magnestum anc alu- 
minum, especially in the presence of oxidizing agents and moisture. The red color of 
the flame is caused by molecular bands in the red region of the spectrum due to molec- 
ular strontium oxide, SrO, and strontium chloride. The red color is diluted with 
continuous white light and some other types of Imes and bands due to strontium and 
magnesium ious as well as incandescent oxide particles. Pyrotechnic compositions 
which produce a green flame generally contain barium nitrate, magnesium, copper 
powder, an organic chlormme compound, and an organic binder. The spectrograms 
show a series of bright blue bands at 4000 to 5000 A. which sre due to the molecular 
spectrum of cuprous chloride, CuCl, and a series of bright bands at 5000 to 5500 A. due 
to molecular bands of BaCl. These bands are the only sources of the blue-green colora- 
tion of the flame. The remaining lines, hands, and continuous spectrum are due to 


330 PYROTECHNICS (MILITARY) 


excited copper, barium, and magnesium ions as well as incandescent oxide particles, 
These serve to dilute the blue-green light. The flame color of typical yellow-tinted 
and amber compositions is duc to sodium lines and sodium continuum in the spectra 
except for a few subjective yellow compositions where a proper combination of red 
and green is used by mixing barium and strontim nitrates. 


Pyrotechnic Items 


Below are discussed the various types of military pyrotechnics used in modern 
warfare. 

Iuminating Flares. These include illuminating projectiles, airport Aares, trip 
flares, ground flares, aircraft: parachute flares, bombardment and observation flares, 
reconnaissance and landing flares, and tow target flares. Dhiminating projectiles arc 
fived from 60-mm. and 81l-mm. trench mortars and other artillery pieces im order to 
illuminate enemy territory at night. A delay time fuze is employed so that the illu 
minant is not ignited until it is over enemy territory. The flare is supported by a 
parachnte which retards the dropping speed. A trip flare is constructed ike an anti- 
personnel mine which is imbedded just below the ground so as to be set off by a low 
pressure of 20 to 30 pounds or by a pull device requiring a 4 to 6-pound pull. Tis 
main purpose is to prevent enemy infiltration, Another type of trip flare is so con- 
structed as to be readily attached to a tree or pole by an appropriate mounting bracket. 
The iJluminants mn trip flares give an intensity of 40,000 to 100,000 candles. Airport 
flares which are used to provide illumination for landing planes in fog or rain or at 
emergency fields yield light intensities of 40,000 to 1,000,000 candles, depending upon 
the circumstances. The aireraft bombardment flare is designed to provide sufficient 
illumination for bombardment at night. It contains a parachute which supports a 
flare that gives a yellow tinted light of 800,000 candies and burns for 3 minutes. It 
has a mechanical time fuze which can be set up to 90 seconds, The flare is approxi- 
mately eight inches in diameter, 50 inches long, looks ike a bomb, and weighs about 
50 pounds. The tow target flare is towed behind a plane by means of a long steel 
cable which may be over 5000 feet long. Its purpose is to provide a target for practice 
of antiaircraft gun crews, both day and night. he cable contains a device which 
permits a new flare to slide along the cable and push the old flare off after it has burned 
out. 

Signals. These are for signaling (/) between various elements of ground troops, 
(2) between ground troops and planes or vice versa, (8) between planes in the air, 
(4) between ships and planes or viee versa, and (4) for distress and reseue purposes. 
Three series of ground signals were used in World War II: namely, the projector 
series of star signals, fired from a projector; the rifle grenade launcher series of star 
signals, fired from a rifle; and the rifle grenade launcher series of colored smoke signals, 
also fired from a rifle. All of these signals weigh about one pound each. ‘Two types 
of stars are used in three colors. The single stars are attached to a parachute, while 
the five-star clusters are expelled without a parachute. The parachute signals bun 
for 20 to 30 seconds with light intensities of 5,000 to 25,000 candles. The five-star 
cluster types burn from 5 to 7 seconds with luminous intensities of 2,000 to 35,000 
candles. The colored smoke launcher signals contain # colored smoke composition 
instead of an illuminant composition. The smoke colors are yellow, orange, red, 
green, and violet. Smoke puffs are obtained which persist for 20 to 30 seconds, de- 
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pending, of course, on the wind velocity, Aiveraft signals ave similar to ground signals 
except that they are fired from. a pyrotechnic pistol, 

Photoflash Munitions. Photoflash cartridges and bombs are used for the purpose 
of providing the necessary luminous intensities required for both low- and high- 
altitude night aerial photography. For low altitudes up to 2000 feet, a photoflash 
cartridge containing approximately 6 ounces af phatoflash powder is used to give a 
peak light intensity of 50,000,000 candles with a duration of 0.04 second. The com- 
position contains 565% barium nitrate wand 45% of 50:50 magnesium-alumimm, alloy 
powder. It is ignited by a small amount of lead azide in the fuze assembly. The 
photoflash bomb for high-altitude werial photography contains 25 pounds of the same 
type of photoflash powder and gives a peak intensity of 800,000,000 candles with a 
duration of about 0.04 second. Wher photoflash bombs ure dropped from planes, 
eareful synchronization must be obtained between the flash of the bomb and the camera 
sbutter, This is done hy meaus of a photoetectric-cell device which opens the camera 
shutter when the light intensity of the flash reaches a predetermined value. Ex- 
posure times of 0.04 second are usually user, but sometimes less. A mechanical time 
fuze is used with photoflash bombs which can be set at 5 to 90 seconds so that the bomb 
burst will occur at a predetermined height. Beeause of the loose compositions em- 
ployer, photoflash compositions ure relatively more sensitive to electrostatic energy 
and flame than ordinary pyrotechnic compositions. Upon ignition, photoflash car- 
tridges and bombs explode with considerable violence and intense heat; therefore, 
greater precautions must be taken in the blencing, loading, and handling of these 
compositions than for ordinary pyrotechnic compositions. 

Tracer Ammunition. Tracers are used in both small arms and artillery for the 
purpose of determining range and directing fire. Ti small-arms tracers, the rear of the 
bullet has a tracer cavity into which is loaded a traver and igniter composition at 
abort 70,000 to 85,000 p.s.i. Similarly, some artillery shell contain tracer cavities 
at the base, loaded with tracer and igniter compositions pressed at about 110,000 p.s.i. 
However, for some artillery shell, 4 separate tracer component is used which is loaded 
and screwed into the projectile. The tracer compositions give red flames and usually 
contain strontium nitvate, magnesium, and an organic binder. In some compositions 
a color intensifier such as hexachlorobenzene or polyvinyl chloride is added. Since 
tracer compositions are difficult to ignite direetly by the flame of the propellant, an 
igniter composition is pressed on top of the tracer composition, using a step punch so as 
to present a large surface. Most igniter compositions for this purpose contain barium 
peroxide, magnesium, and an organic binder such as asphalt or calcium resinate. 
The burning-time requirement for tracers varies from 3 to 20 seconds, depending upon 
the caliber of the ammunition and the purpose for which it is to beused. Tracers nmust. 
be visible both by day aud by night. In some types of artillery ammunition, the tracer 
composition is used for providing a self-destroying feature in the shell after a definite 
traveling-time interval. In such eases a black powder relay at the bottom of the tracer 
cavity is ignited by the burning tracer composition after a definite time interval aud 
the flame from the relay funetions the explosive filler of the shell, The barium 
peroxide-magnesium igniter compositions burn with a brilliant light which is likely 
to blind the gunner at, night. Therefore, in order to avoid this effect and to prevent 
revealing the gun position to the enemy, dim igniter compositions are used, A typical 
example of such a composition contains strontium peroxide, calcium resinate, and a 
little magnesium. 
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Miscellaneous Pyrotechnic Items. Under this heading may he inchaded 2 varicty 
of military pyrotechnics such as railway torpedoes, railway fusces, drift, signals, target- 
identification bombs, flash and sound devices, simulated ammunition, shiek markers, 
spotting charges, and incendiaries and smokes. 
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COMMERCIAL PYROTECHNICS 


Commercial pyrotechnics, as distinguished from military pyrotechnins, may be 
divided roughly into four groups: sound, color, mechanical, and combination, al- 
though each of these four classes may share a few of the characteristics of the other 
classes. Such pyrotechnics are ade largely to satisfy three use demands, namely, 
nonreligious ceremonial, religious ceremouial, and industrial. 

Typical nonreligious ceremonial uses are for political anniversaries and events, 
such as the Fourth of July, the Christmas and New Year holidays, the numerous 
before-Easter celebrations, birthdays, and weddings, ever though some religious 
significance may be attached to many of these ovcasions. 

Religious ceremonial uses are for religious holidays and feasts, various saints’ 
days, and many other cerermonial events of a religions nature, although many of these 
celebrations may be colored by political or industrial considerations, or both. The 
Chinese houseboat dweller starts his morning by shooting off # bunch of firecrackers 
to warn all devils that he is awake and on the job, aud that they had better keep away. 
These frecrackers must be made of, or at least: covered with, red paper, as the devils 
hate and mortally fear the color red. These noise makers are set off in a metal- 
covered metal pot to avoid setting the houscboat on fire. The Chinese firecrackers 
were once loaded with mixtures of the black-powder type and were, therefore, mostly 
sound pyrotechnics, Shortly after the turn of the 20th century, however, the Chinese 
firecracker type compositions became flash-and-sound pyrotechnics through the ad- 
dition of potassium chlorate and aluminum powder, 

Among the industrial uses of commercial pyrotechnics are raihvay signal tor- 
pedoes or fog signals; long-burning red torches or fuses for stalled raihvay or highway 
truck traffic; bird scarers for protecting seeds and crops; wasp lights for destroying 
the nests of wasps, hornets, etc.; water lights for automatic illumination of life buoys 
when thrown into the water in rescue work; .and ship lights, Ship lights are used not 
only for distress signals (including airplane landing flares and wing-tip navigation 
flares) but also, in the absence of radio communication, as identification signals. 


Commercial pyrotechnics mainly having to do with sound include cannon erackers, Chinese fire- 
crackers, maaroons, paper caps, salutes, son-of-a-gun, sound bombshells, torpedoes (globe, Japanese, 
rulway signal, and silver fulminate), and trick cigars. 

Commercial pyrotechnics dealing mostly with color include Anglo-Japancse mines, Bengal 
lights, changing pictures, colored fire sticks (euch as ruby and emerald shower sticks), colored Hames, 
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colored smokes, flowerpots, fountains, gerbs, lances, living fireworks Casbestos-elad men bearing light 
frames covered wilh burning lances), lycopodium pipes, Niagara Falls, Roman candles, ship lights 
(such as airplane flares, distress signals, rocket smoke tracers, wing-tip flares), sky rockets (such as no- 
stick, short-stiek, bouquet of rockets, chains or caterpillars, electric showers, golden clouds, liquid fire, 
parachutes, shooting stars, whistling, and willow tree rorkets), sparklers (golden, green, red, silver), 
and stars (used in bombshells, sky rockets, Roman candles, and the Very pistol, a variation of the 
Roman cundle), According to the way that they are mude, stars may be box, cut, Japanese, plate, or 
pumped. According to burning color and characteristics, commercial pyrotechnics may be sluminum, 
blue, comet, electric, green, lampblack, magnesium, red, or spreader steel stars (uminum and mag- 
uesium burn with a white light); tableau fires; torches; toy blue lights; triek matches; union bat- 
teries (gang of Roman candles); volcanoes; water fireworks; and yule logs (to make fireplace logs 
burn with colored flames). 

Commercial pyrotechnics showing mechanical effects include eshibition fireworks (such as 
chromotopes, lattice crosses, revolving globes, revolving suns, rocket wheels, saxon crosses and snake- 
and-buttertlies}, English crackers (grasshoppers), flying pigeons, phovheels, revolving pieces (tri- 
angles), saxous, serpents (such as glow worms, nigger chasers, Pharagh’s serpents’ eggs, snucissans, 
snakes, and snake’s nests), tourbilions (such us geysers, tulle rockets, aud whirlwinds), vertical 
wheels, and water fireworks (such as diving devils and fishes). 

Commercial pyrotechuics using a combination of two or more of the kinds just described include 
acrolites, wuto backfire or “cop callers,” balloon fireworks, Lombette fountains, bombshells (such as 
floral shells, exhibition shells, canister or cylindrical shells, parachutes, aad twa- and three-break 
shells), devil-among-the-tailors, exhibition fireworks (sueh ag enprices and beehives), mosaics, salutes, 
and whistling fireworks. Japanese daylight bombshells contain a number of compactly folded large 
colored tissue paper figures of animals, birds, ete, which inflate under the drag of a weight after the 
shell bursts. 


Composition 


Commercial pyrotechnic compositions generally contain three types of materials : 
oxidizing or burning agents, fuels, and modifiers. The oxidizing agents furnish the 
oxygen to burn the fuels anc the modifving agents control the burning process. The 
combustion of pyrotechnic compositions is strongly dependent upon the total amount 
of confineinent: under which the combustion takes place, aud upon the physical stat 
of the loaded composition, which may vary from a loose powder to a compacted mass, 
depending on the amount of loading consolidation. The ingredients in such composi- 
tions, should, in weneral, be finely gronnd aid well nixed. 

Commercial pyrotechnic compositions used to make sound include modified black 
powders whose intensity may be increased by the use of potasstaum chlorate. Thus, 
these sound compositions may contain potasshta nitrate and potassium chlorate 
as oxidizing agents, charcoal as fuel, sulfur as fuel and binder, and possibly saud. 
Flash-and-sound compositions may coutnin, in addition to the above ingredients, 
barhun nitrate or potassium perchlorate us oxidizing agents, and aluminum powder 
or antimony sulfide as flash agant (see Table 1), 


TABLE IL. Some Typical Flash-and-Sound Compositions . 





Constituent Parts by weight 








Aluminum (fine powder} -f £ 2 € 5 LL §& 2 
Antimony sulfide eee — . 

Barium nitrate wee 
Potussium chlorate 2 8 —- 
Potassium nitrate wee 8 
Potassium perchlorate wee 
Sulfur 1 38 3 
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Commercial pyrotechnic compositions used to make color usually contain as oxi- 
dizing agents such materials as barium nitrate, potassium chlorate, potassium nitrate, 
potassinmm perchlorate, sodium chlorate, sodium nitrate, and strontium nitrate. 
Sodium chlorate is so hygroscopic that it may be used only under limited conditions. 
No chlorates should be used in compositions containing ammoniun salts, as an- 
moniun chlorate may be formed in the composition. This material explodes at: the 
temperature of boiling water. The fucls aud binders used i these color compositions 
include asphalt, charcoal, dextrin, flour, fossil guns, gelatin, ge, milk sugar, petrola- 
tum, resins, shellac, starch, stearin (stearic acid), and sugar. Blue compositions may 
contain, as coloring agents, copper arsenite, copper carbonate, copper oxalate, cupric 
oxide, copper sulfate, black copper sulfide, diamminecopper(L) chloride ([Cu(N Hy). 1Cl) 
and ammonium sulfate. Easily volatilized mercurous chloride and ammonhun chloride 
(no chlorates are used together with ammonium salts) seem to improve bhie and green 
colors; perhaps the chlorides of the coloring agents formed during the burning are 
more easily volatilized and give more vivid colors at lower temperatures than other 
compounds. Tu fact, it may he that the actual coloring ageut in colored flames is the 
suitable metal ion, or excited atom, at the moment that the salt is decomposed by the 
burning process. Many connnercial pyrotechnic compositions burn at a quite low 
temperature, so that the best coloring agent may be a salt that is volatilized at a quite 
low temperature and is easily decomposed by the burning process. In general, chlo- 
rides fulfill these conditions. However, the chlorides of the coloring agents themselves 
are generally not used because they are too hygroscopic. Green contpositions may 
contain as coloring agents barium chlorate, bariuin nitrate, barium perchlorate, 
boric acid, or thallium salts. The last-mentioned are quite costly. Several of these 
green coloring agents are also oxidizing agents. Orange compositions may contain 
strontium salts (red) and sodium salts (yellow), Pink compositions may contain cal- 
citnn carbonate, calcium oxalate, or caletwm sulfate, or combinations of these. Purple 
compositions nay contain strontium salts aud copper salts (blue-green), Red com- 
positions may contain lithium salts (very deep red, but also very water-soluble), 
strontiain carbonate, and strontimun nitrate (also an oxidizimg agent), Yellow com- 
positions may coutain sodium bicarbouate, sodiuin metantimonate, sodium nitrate, 
sodium oxalate, and sodium perchlorate (which is also an oxidizing agent), or combina- 
tion of these. Plain or bright compositions, yielding whitish flames, may contain as 
coloring agents one or more of aluminum, antimony, arsenic sulfides, charcoal, tron 
borings ov powder, lampblack, lead nitrate, magnesiun, potassium uttrate, steel filings, 
sulfur, and zine powder. 

Certain ingredients, such as pievic acid or sulfur, are sometunes added. to nitensify 
the color of the flame given by certain compositions, Ammouium salts by thenwelves 
give a lavender or purplish flame, possibly due to bright: bands of nitrogen in the violet, 
when the ammonium salt has decomposed in the burning process. Thus when used 
with red flame compositions, ammonium salts make the red flame more crimson; 
when used with green flame compositions, they male the green color more bhue- 
green; when used with blue fame compositions, (hey deepen the blue color in the direc- 
tion of purple, 

Fuses consisting of a cotton tube woven around a column of finely divided black 
powder are used in cannon crackers and sonictimes in small honbshells. These fuses 
burn along the center core of black powder at a speod of wbout | ineh in 3 seconds. 

Quickinatch is used to lead or conduct fire to the pyrotechnic compositions i pyro- 
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technic devices. Tt burns quite rapidly and along the surface instead of alung the 
center, as infuse. Tt bums very rapidly if surrounded by a loose paper sleeve or piping 
or “pants.” The black powder mixture for making quickmateh contains dextrin or 
starch as a binder and aleohol or water, or both, as the liquid. A cheaper quickmatch 
mixture, which is generally worked well into the cotlon wick, is made froin thoroughly 
boiled starch or dextrin as the binder, and fine charcoal, potassium. nitrate, and sulfur. 
In both fuses and quickmatch, the speed of burming is reguated by changing the 
amounts of the different ingredients in the composition. 

Bormbshells up to 3 inches in diameter may be fired from mortars nude from a 
munber of wrapped layers of strong paper reinforced hy wrapping with strong twine. 
These inurtars may have a thin metal liuer and are usually mented on a hard wood 
hase. 

Bombishells aver + iuches in diameter may be fired front mortars made by shrink- 
ing copper tubes over one another in such a way that each snevessive outer tube is 
shorter than the one inside it. These generally have a metal base. Galvanized 
wire-wound wrought ivon tubes mounted on a cast-iron base make good mortars. 
The Japanese use a very long mortar wade of wooden staves enclosed with tron bands, 
These wooden mortars are soaked in water to swell the staves before use, and are buried 
for half their length in the ground. Sueh mortars for large boinbshells may have a 
porthole near the bottom for ignition. 

The above-mentioned materials used in making commercial pyrotechnies are by 
no means used by every maker of such pyrotechnics. Often the best ingredient for a 
certain purpose in 2 commercial pyrotechnic composition takes up moisture fram the 
air so eagerly during the time it is being ground, mixed, and loaded, that it cannot he 
used in localities where the humidity is high. Very few makers of commercial pyro- 
technics use aiy-conditioned rooms. Therefore, a substitute ingredient nmst be chosen 
and the proportions of the various ipredients in the composition then changed to 
keep the oxygen balance between the oxidizing agents and the fuels constant. This 
is also largely the reason why niost commercial pyrotechnics formulas found in print 
ave very rough aid uncertain as to the amounts of the various ingredients to be usec, 
These amounts must be manipulated and fitted to the particular climatic conditions 
where the particular piece of pyrotechnics is to be made (and, to a certain extent, 
where if.is to be used). In general, commercial pyrotechnics are used up quite rapidly 
after they are made, and for this reason the makers are not. interested in a shelf life 
of more than a few years for their product. Many commercial pyrotechnic makers 
eurry their pet formulas ‘in their hats’ or in carefully guarded “little black books,” 
aud look upon these reeipes as very socrel,. 


Manufacture 


Mixing is one of the most important steps in making commercial pyrotechnic 
compositions. The finely powdered materials must be brought into very mtimate 
contact since, in most instances, chemically pure ingredients are not used. Generally 
speaking, if all the materials are first passed through a standard 30 mesh sieve, then 6 
subsequent passes through a standard 20 mesh sieve will give as good mixing as can be 
obtained. However, this is a laborious process, and for ordinary plain mixtures (which 
contain no color and generally no putassium chlorate) 16 and 18 mesh sieves are used. 
For the more particular mixtures (such as lance work) 22 Lo 26 mesh sieves are used, 
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Round sieves are used for small hatches; wooden tubes, preferably lead-lined and elec- 
trically grounded, for batches of 10 to 100 pounds. Batches of 100 pounds or more 
are mixed in leacd-lined, electrically grounded troughs with square sieves. When 
using plain mixtures, the charcoal is put through the sicve first, followed by the sulfur, 
potassium nitrate, etc. Sulfur is often sieved with the potassium nitrate since static 
electricity may cause trouble when sulfur is sieved alone. The sieved mass is then 
thoroughly mixed by hand (long rubber gloves are necessary with many mixtures), 
und then sieved again, scoop by scoop, into another tub or trough. Then it is again 
well mixed. Repeating this process several times improves the mixture. 

The mixing of colored compositions, which may contain potassium chlorate, 
requires more care. First the charcoal, shellae, etc. are sieved into the tub or trough, 
then the potassium chlorate is sieved into the mix with a separate sieve, and finally 
the other ingredients are sieved through the first sieve and the mixing continues as 
with plain mixtures. Special mixtures should be carefully studied, as they may need 
special precautions. The striking of a finger nail on the sleve may cause a spark. 

Commercial pyrotechnics, except tableau fires, require a case of some kind. 
These cases are generally made from paper, and when mace from strong paper and 
well dried, they are almost as strong as metal. Certain cases require that the entire 
sheet of paper be covered with paste, but in others only the starting and finishing edges 
of the paper sheet are pasted. Some cases also require stronger paper than others. 
The cases, after making, are dried slowly in a well-ventilated room in the absence of 
sunlight, which may warp them. All paper eases are rolled ar formed on formers made 
of hard wood, which are sometimes covered with thin brass tubing or sheets. 

The pyrotechnie composition is rammed into the case by rod and funnel and raw- 
hide mallet, or hoisted weighted rams, or by jarring on a rigid base. This may he 
done on single cases or o gangs of cases. The ramming is done in small isolated sheds, 
aud all tools should be of nonsparking metal. After ramming, the commercial pyro- 
technic composition is primed by putting on its surface a small amount of a paste or 
slurry made of gui powder with dextrin and water or alcohol, which quickly dries to an 
casily ignitible layer. The loaded paper cases may be crimped by hand or machine, 
to protect them from the air, or to choke down the burning area. The primed and 
erimped cases are then finished by covering them with various colored and printed 
wrappers. Lf necessary, the finished cases are bundled. Annealed iron wire, 18-20 
gage, is usecl when necessary in assembling mechanical pieves anc set-pieces. 

Matching is the application of quickmatch to cause the igniting fire to travel 
from pyrotechuic composition to pyrotechnic composition, as desired. In changing 
pictures, the portrait changes as well as the colors as the burmming of the exhibition 
set-piece progresses. These exhibition set pieces are sometimes quite large and must 
he laid out on a large floor in the same way as sails are laid out in a sail lott, or ay sheet 
metal is laid out in the layout room of a metal tank factory. The portrait is made 
hy fastening suitable colored lances to the laid-out frame, and then matching these 
lances by coumecting them to each other in the proper order with quickmatch. | Lances 
are small paper tubes, }4¢ to 34 inch in diameter, and 2 to 314 inches long, filled with a 
pyrotechnic composition burning with the desired colored flame for about one minute. 

The paste used in making cases is a very iroportant material to the commercial 
pyrotechnic maker. Prepared pastes are now commercially available, needing only 
the addition of cold water. A quickly made paste is obtained by thoroughly mixing 
wheat flour with a little alum in a small amount of cold water, and then slowly stirring 
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this into a larger amouut of boiling water, to which has been added some phenol, oil 
of cloves, thymol, or mercurous chloride as a preservative to prevent “souring” (fer- 
menting). Another way of preventing the already prepared paste from souring, 
rather than by using 4 preservative, is to let it first sour, in the making. Sour paste 
is made by stirring the flour into cool water wutil a paste easy to handle is obtained. 
The presence here of a few lumps does not matter, as they later disappear. The one- 
third filled container Gt may foam up) is then placed In a warm place for several days. 
The flour settles to the bottom, after the fermentation is over, like a heavy mud, 
under the sour, brownish liquid. This liquicl is thrown away and a coutainer is filled 
one-third full of this heavy flour mud. Boiling water is added with stroug stirring 
uutil the container is full. The contents are at first very thin and waterlike, but will 
gradually thicken as more boiling water is added, until finally the paste can be stirred 
only with difficulty. 


Safety Factors 


It must be borne in mind that any mixture of oxygen and fuel, under the right 
conditions of confinement, may explode if it catches fire. It must also be remembered 
that pyrotechnic mixtures are mixtures of chemically hound oxygen and fuels in solid 
form. 

Small buildings, widely spaced apart, with only one person working in each build- 
ing, are desirable for making commercial pyrotechnics. These buildings should be 
flimsily built (so-called “black powder’ construction), with the walls tacked together 
at the corners, and the roof pegged on, so as to offer as little confinement as possible 
should a flush-fire start. These buildings should be built “inside out” (smooth iuner 
walls, with no cross pieces or rafters) so that they may be washed out easily, and 
should be provided with two av mare outward opening doors secured with outside 
spring closing clips. In certain cases the floor should be slotted, with a smooth, easily 
flushed surface under it. Fire buckets should be liberally seattered around and should 
be kept filled with water. Additional fire extinguishers and fire hose counccted to 
fire hydrants should be located at chosen spots iu the manufacturing aren. 

Potassinm chlorate, m many wuys one of the best, commereial pyrotechnics in- 
gredients, may, under certain conditions of temperature and acidity, slowly break down 
giving chlorie acid or chlorine dioxide, hoth of which are more active oxidizing 
agents than potassium chlorate itself, Sulfates, sulfides, aml sulfur itself may be 
slowly oxidized to form sulfuric acid, which can then break down the potassium chlo- 
rate into dangerously active chloric acid. Places handling plain mixings containing 
sulfur (but generally no potassium chlorate) therefore should be kept separate from the 
places making colored mixing (which may contain potassium chlorate). This separa- 
tion also applies to personnel, clothing, aad utensils. 

Almost all the ingredients used in commercial pyrotechnic compositions are used 
as finely divided powders, thus greatly increasing their area: for example, a coal dust 
cloud in air explodes violently when ignited. Therefore, all finely divided mixtures of 
materials, such as commercial pyrotechnic compositions, should be handled with care. 
This is doubly important with finely divicled metuls which are hard enough to cause 
friction. Steel tools should be avoided, if possible, in grinding, mixing, and loading 
such compositions. The almost-as-hard bronze may be used for certain purposes, but 
the much softer brass and lead are safer, although it has been reported that sparks 
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have been caused by the striking of brass on wood. The amount of commercial pyro- 
technie composition in a building at any one time should be kept as low as possible. 
The workers in such places should wear nonsparking shoes, aud all metal machinery 
and moving parts should be well grounded electrically to bleed off static electricity 
before it can build up a dangerous charge. Needless to say, no matches should be 
allowed on the manufacturing area. Change houses for changing clothes, and areas 
where smoking is permitted, help keep the daugers of smoking under control. 

Carbon (in the form of charcoal, lampblack, or carbon black), potassium nitrate, 
and sulfur mixtures seem to be fairly safe to handle, while barium nitrate seems bo be 
fairly safe when mixed with finely powdered inctals, potassium nitrate, and sulfur. 
Finely powdered metals in mixtures with barium and strontium nitrates and potassium 
perchlorate, even when sulfur and gums are present, seem to he fairly safe mixtures. 
The sensitivity of such mixtures is increased by the addition of powdered charcoal. 
There is some evidence that in mixtures coutainmg both potessium perchlorate and 
asphalt, after several months the perchlorate is changecl into the chlorate, with dis- 
astrous results. No chlorate should be used with ammonium salts because of the 
chance of forming ammoninm chlorate, which explodes at the temperature of boiling 
water. All the oxidizing agents when in mixtures with finely divided metals and fuels 
should be handled with care. 

Picric acid (2,4,6-trinitrophenol) is a high explosive, and mixtures of this with 
potassium chlorate ave very seusitive to handling. 

All phosphorus mixtures should be handled in an isolated area, The workers in 
such areas should change work clothes on the area, and should wear rubber shoes 
which are frequently washed. Red phosphorus mixtures with potassium chlorate 
(paper cap mixtures) must be made under water (the dry mixture will explode from the 
flick of a finger nail); yellow phosphorus should never come in contact with any 
combustible material, and should not. be removed from under water for very long, as 
its ignition temperature is about room temperature on a hot day. 

As small amounts as possible should be used when experimenting with new com- 
positions, as the slightest incident is Hable to tum a pyrotechnic composition into 
an explosive composition. 
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PYROXENES. Sce Silica and silicates. 
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PYROXYLIN 


The term pyroxylin is used loosely to denote the group ur any member of the group 
of commercially available nitrocelluloses that tind application because of properties 
other than their combustibility. As so used, it is svuonymous with soluble nitro- 
cellulose (see Vol. 8, p. 861); it is also ealled “‘collodion catton’, because a solution in 
alcohol and ether is known as collodion (qe). Saluble nitrocellulose represents the 
class of commercial nitrocelluloses having degrees of substitution that correspond ta 
less than 12.5% nitrogen. Tor solubility characteristics, see Vol. 8, p. 365, Table I. 

At the present time the word pyroxylin alone is rarely, if ever, used to designate 
nitrocellulose as such. Ti is still commouly used, however, to identify products con- 
taining nitrocellulose as a principal constituent, for example, pyroxylin plastic, 
pyroxylin lacquer, pyroxylin-coated cloth or paper. 

J. 1X. SeICHER 


PYRRHOTITE, FesS¢ to FewSiy. See Zron, Vol. 8 p. 21; Sulfurte acid. 


PYRROLE AND PYRROLE DERIVATIVES 


Pyrrole (azole) (RJ. 108) (I) ‘is a nonbasic, nitrogenous heteroeyelie compound. 
The ring system is commonly numbered or lettered as shown. Derivatives of the tau- 
tomeric forms, pyrrolenines (IT and TJ), arealso known: 


ro Hor ape a HO=—~CH ug OH: 
al HOS 1 2CH a HOx, OH: HO. 20H 
2H-Pyrrolenine 3H-Pyrrolenine 

@) (IZ) (IIL) 


The structure of pyrrole shown was first proposed by Baeyer aud Emmerling in 
1870. That it does not adequately represent the actual structure of the molecule is 
evident from the deviation of the heat of combustion from the “calculated” value by 
from 23 to 31 kg.-cal. per mole. While electron-diffraction studies indicate overage 
bond lengths ouly slightly shorter than those calculated for the structure shown, 
infrared and Raman studies clearly exclude the presence of ethylenic double bonds. 
The molecule is generally accepted to be a “resonating system,” and a molecular or- 
bital treatment affords 2 satisfactory explanation of the anomalous properties of the 
substance. 

Pyrrole is found in coal tay and bone oil, whence it can be isolated from the [15- 
130° fraction through its solid potassium derivative, CAELNIK. It is the parent sub- 
stance of a very large number of natural products, among which are indole and its 
derivatives, the bile pigments, certain protein constituents (proline, hydroxyproline, 
and tryptophan), the porphyrins, and certain alkaloids (see also Alkaloids; Amino 
acids, Vol. 1, p.719; Bile constituents; and Indole). 

The acute oral toxicity of pyrrole is high and tests indicate that it has a moderate 
cumulative toxicity. Workers with abnormal respiratory, circulatory, or liver con- 
ditions should not he exposed to pyrrole. Contact with the skin should be avoided 
(15). Tt is: chiefly of interest in eounection with synthetic organic chemistry and has 
been used for the detection of selenium in water supplies. 
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Physical and Chemica] Properties 


Pyrrole, CsH,;NH, formula weight 67.09, is a colorless liquid, fp. —24°C., b.p. 
129°C., with an odor occasionally said to be suggestive of chloroform, It darkens on 
standing in air, finally producing a dark brown rest. Other physical constants are as 
follows: a” = 0.968, 2§ = 1.5095; » = 1.83 debye; modified Reid vapor pressure 
0.25 p.s.i. (40.05); flash point (Vag closed cup) 39°C, Iti is but slightly soluble in 
water (6 g. in 100 g. of water at 25°C.), but is miscible wilh most organic solveuts. 
A munber of azeotropes have beeu studied (19). 

Reactions of Pyrrole and Substituted Pyrroles. Pyrrole is stablé under ordinary 
conditions nnd does not form salts with acids. Instead red polymers are formed. 
However, with cold ethereal hydrogen cliloride a trimer hydrochloride, (CsH,N)3.HCl, 
is produced. Crystalline compounds are formed with picric acid (2,4,6-trinitro- 
phenol), picrolouic acid (8-metlryl-4-nitro-1-(p-nitrophenyl)-5-pyrazolone), and styph- 
nic acid (2,4,6-trinitroresorcinol). The imino hydrogen is active and may he re- 
placed by active metals, acyl and alkyl groups, aud dentertum (from alkaline conditions 
down to pH = 2; at higher acid concentrations all five hydrogens will exchange). 
The solid potassium derivative used in separation of pyrrole from other nitrogenous 
substances in coal-tar fractious is prepared by heating with solicl potassium hydroxide 
and allowing nonacidic materials to distill, A similar reaction is not observed with 
sodium hydroxide. 

In many of the reactions of the nucleus, pyrrole hears a striking resemblance to 
phenol (¢.v.), owing to a similar electronic structure. However, reactions of ring 
opening and ring expansion (see p. 345) are peculiar to the pyrrole series. 

Oxidation. Pyrroles containing B-substituents are oxidized by chromic-sulfuric 
acid to maleimides (IV), a fact which is useful in degradative studies on substituted 
pyrroles and pyrrole derivatives. Under certain conditions 6-alkyl substituents re- 
main intact, while substituents in the e-position are oxidized to carboxyl and then 
eliminated with further oxidation: 


R R [ol R R fo) =R=aR 
al Jn wool, coon > ot N Jeo 
H H H 

qv) 
Thus, 2,4-dimethylpyrrole yields citraconamide (formula (IV), in which one R is 
hydrogen and one is a methyl group). 

Reduction. When pyrrole is reduced with zine dust and acids the product is 3- 
pyrroline (2,5-dihydropyrrole) (V). The 2-pyrrolines (VI) are less stable and are 
not geuerally available by reduction, and the 1-pytrolines (VII) are not known, The 
fully saturated system, pyrrolidine (VIII), may be obtained by the ready tin-hydro- 
chlorie acid reduction of the 2-pyrrolines or by the more difficult phosphorus-hydriodic 
acid or catalytic reduction of the 3-pyrrolines. Nickel with hydrogen at 200° or 
platinum in glacial acetic acid with hydrogen will produce pyrrolidines directly from 
pyrroles. 


HC —— CE fx} HO===CH H:,C——CH H.C——-CH, H,C——CH; 
HO, CH HQ. - He TG. ZO AQ. Zou HQ. a Hs 
N N N N~ N 
H H H H 

3-Pyrroline 2-Pyrroline 1-Pyrroline Pyrrolidine 


(V) (vq) (VII) (VIL). 
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Halogenation.  Pyrrole is readily halogenated, aud since resinification and other 
side reactions are prone to oecur, the reactions must be carried out in dilute solution 
and often at low temperatures. Elementary chlorine affords the tetrachloro deriva- 
tive, and sulfuryl chloride in ethereal solution is therefore user to prepare less highly 
chlorinated products, the two a-positions heing filled before @-substitution occurs. 
All five hydrogens may he replaced, but the produet is derived from the 2H-pyrro- 
lenine form (I), 

Elemental bromine brominates pyrrole readily, whereas the triiodide ion is gener- 
ally used for iodination. Tetraiodopyrrole is readily obtained by iodination with 
the triiodide ion or by the action of potassium todide upon tetrachloropyrrole and is 
known as zodol, a yellowish odorless compound decomposing at 140-150°C. It has 
been used as an antiseptic in place of iodoform. 

Bromine often effects decarboxylation of pyrrolecarboxylic acids, with concurrent 
bromination, Acyl groups may also be replaced by bromine, and condensutious pro- 
ducing dipyrrylmethenes (see p. 349) may also be effected by bromine. 

While halogens attached to the pyrrole nucleus are generally unreactive they can 
be readily removed by reduction. Zine dust and alkali will reduce tetraiodopyrrole to 
pyrrole, and catalytic reduction replaces bromine by hydrogen, 

Nitration. ‘Two methods have been employed for the introduction of the nitro 
group into the pyrrole nucleus. Direct nitration generally leads to decomposition, 
but certain positively substituted pyrroles have been successfully polynitrated owing 
to the stabilization gained by attraction of electrons away from the nucleus. Sub- 
stituent acetyl or formyl groups in alkylated pyrroles are smoothly replaced by the 
nitro group upou treatment with concentrated nitric acid. Ethyl nitrate has been 
used for mononitration of pyrroles in the presence of sodium or sodium ethoxide. 

Nitrosation. In general pyrroles may be nitrosated in the B-position by means 
of amy] nitrite and sodium ethoxide. The products are best represented us the sedium 
salts of a resonauce-hybrid ion ((X). A few instances of true nitrosation by means 
of ice-cold nitrous acid are known. 


R N=0 R —N~-O|_ 
al JR Rt xR Nat 


(IX) 


Coupling with Diazonium Salts, The o-position is more sensitive to coupling 
with diazonium salts, but affords less stable azopyrroles, than the @-position. ‘The 
a-azopyrroles may be distinguished from the 6-azopyrroles by a “spot test’? with p- 
nitrobenzenediagonium salts. The coupling reaction occws in acid solution. Bis- 
azopyrroles are formed in alkaline media. 


[ Nenu owtaren lh J N=NCHs 
H H 


2-Phonylazopyrrole 9, 5-Bis(phenylazo)pyrrole 


Tetrasubstituted pyrroles in which one substituent is a carboxyl couple with re- 
placement of the carboxyl group. 
Amination. The preparation of aminopyrroles by substitutive reaction is 
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generally achieved by reduetion of azopyrroles and nitro- or nitrosopyrroles. The 
aminopyrroles may be diazotized and coupled with the usual reagents. 

Acylation. Pyrrole addehyrles (pyrvolecarboxaldehydes) are available through the 
Reimer-Tiemann reaction (chloroform and strong alkali), which is complicated by 
simultaneous production of pyrrolenine and pyridine (qv.) derivatives. A move 
satisfactory procedure is the Galtermann reaction as modified by Adams and Levine 
(1,2), in whieh anhydrous zine cyanide and hydrogen chloride are used : 


Zn(CN)2, HCl l 

[ J L J CHO 
N N 
H H 


As with halogenation, carboxyl groups may be replaced in the course of the reaction. 
Pyrryl ketones are available through the Houben-Hoesch synthesis wherein a nitrile 
replaces the hydrogen cyanide of the original Gattermann reaction. The Friedel- 
Crafts reaction (q.v.) may be used, the usual catalyst (anhydrous aluminum chloride) 
being unnecessary at elevated temperatures. In this case, it has been suggested that 
an N-acylpyrrole is the primary preduct and that it subsequently rearranges to form 
the ketone. A possible analogy to the Fries rearrangement of phenol esters is sug- 
gested. (Bee also Vol. 8, p. 129.) Another substitutive synthesis involves prepara- 
tion of pyrrylmagnesium halides (see below) and their reaction with acid chlorides or 
esters. It has been recommended (5) however, that where the pyrryl ketone is avail- 
able by a ring closure reaction, this is the preferred route. 

Carboxylation. Direct: introduction of the carboxyl gronp may be accomplished 
by a modified Kolbe reaction in which pyrrole is heated below 100°C. with a solution 
of potassium carbonate. The a-acid is formed. Carbon tetrachloride with alcoholic 
alkali also affords the same acid. A variety of pyrrolecarboxylic acids may be ob- 
tained by ring closure methods. 

The carboxyl group can be replaced by halogen and acyl groups (see above). 
Decarboazylation of pyrrolecarboxylic acids oceurs somewhat more readily than with 
phenol carboxylic acids, and it is facilitated by the presence of substituent alkyl groups 
and hindered by electron-attracting groups. 

Alkylation. A number of methods are available for direct alkylation of the 
pyrrole nucleus. As with other substitutions the a-position is the more reactive. 
Simple heating with an alkyl iodide probably forms the N-alkylpyrrole, which then re- 
arranges to the C-alkylpyrrole. Alkoxides are good alkylating agents at about 210°C., 
and a vapor-phase reaction hetween pyrrole and an alcohol over zine dust also yields 
the corresponding alkylpyrrole. Pyrrylmagnesium halides react with alkyl or aryl 
halides to yield substituted pyrroles. 

Nitrogen Substitutions. Reaction of the potassium or sodium derivative with 
alkyl halides leads to N-alkylpyrroles. The reaction of pyrroles containing no N- 
substituent with the Grignard reagent affords pyrrylmagnesium halides (presumably 
(X)) and the hydrocarbon from the Grignard reagent. Strikingly enough these 
substances usually produce C-substituted pyrroles upon reaction with earbon dioxide, 
chloroformic ester, alkyl halides, acy! halides, ete. : 


R CJ CHyMgX. R CI wx R CI 

? 

R N R N R N R 
H MgX H 


pyrrylmagnesium halide 
(X) 
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Reactions of Ring Substituents. An amethyl group (but not #-alkyl groups) 
can be mono-, di-, or trichlorinated by means of sulfury] chloride unless there is an 
open position im the pyrrole nucleus; however, if the 8-positions are open, they will 
be substituted first. While the usual conditions for chlorination of the a-methy) 
group involve the use of ethereal solution at 0°C., electron-attracting ring substituents, 
such as carbethoxy groups (COOC2Hs), reduce the sensitivity of the a-methyl to the 
point, where it is necessary to run the reaction in glacial acetic acid. It is usually 
easier to produce the monobromomethyl derivatives by meaus of bromine than it is the 
monochloromethy] derivatives with sulfuryl chloride. The (monochloromethyl)- 
and (monobromomethy)) pyrroles afford a minor route to the dipyrrylmethanes (see 
p. 348). 

Presumably (iodomethyl)pyrroles could be formed from the (chloromethyl)- or 
(bromomethylpyrroles, aluhiough this reaction appears not to have been attempted. 
Direct iodination of substituent alkyl) groups has not been reported. 

Ester groups in the e- and 6-positions behave differently, all a-ecarbalkoxy 
(alkoxycarbonyl) groups being cleaved hy alkali before any 8-carbulkoxy groups are 
attacked. However, concentrated sulfurie acid is capable of selectively hydrolyzing 
a B-earbalkoxy group. This muy be attributed to the difference in mechanism often 
observed with concentrated sulfuric acid. Presumably the difference here, however, 
is due to inherent electronic properties rather than steric factors, which so often pro- 
mote the auomalous sulfuric acid hydrolysis. 

Polymerization. Since the absence of ethylenic double bonds in pyrrole has been 
indicated by infrared and Raman data, it is not surprising that pyrrole fails to behave 
as a normal diene in the Diels-Alder reaction with maleic anhydride, addition across 
the ethylenic bond of the anhydride by the a-hydrogen occurring instead: 


HO~CO H,C—CO 

| J + | o —-* | ° 

AY Ht—co LJ —ne—co 
H 


The trimer, (CyH;N)3.HC], which is obtained by treatment of an ethereal solution 
of pyrrole with hydrogen chloride, is thought to resemble tricyelopentadiene inas- 
much as it forms pyrrole, ammonia, and indole upou heating: 


I 
GG — Orme OD 
N Ss N 
i H 


This hypothesis receives some support from the observation that certain di-, tri, 
and tetvaalkylpyrroles vield dimers, which like dicyclopentadiene depolymerize upon 
heating: 


Ry R  __heat *Ge ih 

2 >= 

nl JR R N R 
H . 
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ANALYSIS 

There are several qualitative tests for pyrrole (11). 

Spruce splint (Ehrlich). The best known test for pyrrole and its derivatives is 
the red to violet color produced when a pyrrole with at least one methine (methylidyne) 
hydrogen is brought in contact with a spruce splint. Unfortunately the test is not 
entirely specific, since certain methyl homologs of furan also give a similar color reaction, 

Isatin. When a pyrrole is shaken with an aqueous isatin solution containing 
dihite sulfurie acid, a deep blue precipitate, which is soluble im either glacial acetic 
acid or concentrated sulfuric acid giving a deep blue solution, is produced. The 
obvious analogy to the isatin test for thiophene suggests caution in using this test 
alone where the thiophene system may be present. In addition to this possible inter- 
fereuce, a variety of a-dicarbouyl compounds, such as phenylglyoxal, also give a 
similar reaction. 

Selenium Dioxide. Both pyrrole and indole give a color reaction under the 
following conditions: When ai aqueous solution of pyrrole is heated with a few drops 
of 10% selenium dioxide and 1 ml. of concentrated nitric acid, a deep violet color is 
produced. As little as 0.00004 g. of pyrrole can be detected in this mamner, Indole 
gives a richer violet color. 


Preparation of Pyrroles and Substituted Pyrroles 


Pyrrole itself is prepared by distillation of the ammonium salt of mucic or sac- 
charie acid (2,3,4,5-tetraliydroxyhexanedioic acid). The pyrolysis of certain pro- 
teins also affords pyrrole, probably from glutamic acid residues or from such amino 
acids as already contain the pyrrole nucleus. More recently a promising new syn- 
thesis, by which it should also be possible to prepare pyrrole derivatives, has been de- 
veloped by Reppe (see Reppe chemisiry). ‘The starting materials are acetylene and 
formaldehyde (which yield 2-butyne-1,4-diol) and ammonia: 


CiH, + 2CH,0 Shean. oCH.—C=C—CHOH > [| 
N 


it 


Pyrrole can also be obtamed by dehydrogenation of pyrrolidine (see p. 346). 
The chief commercial method for producing pyrrole in the U.S. is the reaction of 
ammonia with furan, 0.CH :CH.CH:CH, over strong déhydration catalysts such 


as aluminum oxide. The furan is obtained by catalytic conversion of furfuraldehyde 
with steam (see Vol. 6, p. 1004), 


The first of two syntheses of pyrroles due to Knorr involves treatment of a 
y-diketone stich as acctonylacetone with ammonia: 


CH; 
CH.—-COCH; a 
+ NH; —~> NH + 2H,0 
CH,—COCH; —— 
CH; 


A more generally useful ring closure (Knorr synthesis) involves the reaction of an a- 
amino ketone with a ketone, but it is limited by the tendency of a-amino ketones to 
farm pyrazoles (1,2-diazoles) by self-condensation: 
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R'C=0 CHR” R'C—CR” 

nce * Oe) ne 
{ aN x 
NH, oO RM! 


The amino ketone is often most conveniently prepared in situ by oximation of the par- 
ent ketone, using an organic nitrite, followed by zine dust—-acetice acid reduction in the 
presence of the second ketone. The most serious limitation in the ring closure ap- 
pears to be the preseuce of an alkyl group (R”) adjacent to the condensing methylene 
eroup of the simple ketone. 

N-Substituted pyrroles can be prepared by the ammonia method when a primary 
amine is used or by the amino ketone method where the amino group is secondary. 

A technical grade of pyrrole, minimum purity 95%, is available in development 
quantities and is of interest chiefly as a chemical intermediate. 

In connection with cyclizations leading to pyrrole derivatives it is appropriate to 
mention several reactions in which the ring is altered. Pyrrole itself undergoes 
ring opening on being refluxed with alcoholic hydroxylamine to yield the dioxine of 
succinaldehyde (HON :CHCHLCHLCH NOH). thn effect this constitutes a reversal 
of the closure of y-dicarbonyl compowuds to give pyrroles. 

Certain pyrrole derivatives may undergo ring expansion in cither of two ways. 
The first involves passing an N-alkyl or e-alkylpyrrole through a hot tube, whereupon 
the alkyl carbon becomes the 6-carhon of a pyridine (¢.0.) system: 


peal SS 
or I heat C3 
w J CHR Nw 


CHR 


The second method involves treatment of a pyrrole with an organic halide in the pres- 
ence of sodium ethoxide. The halogenated carbon of the organic halide becomes the 
B-carbon of a pyridine system: thus chloroform yields @-chloropyridme (3-chloro- 
pyridine) and benzal chloride affords B-phenylpyridine (3-phenylpyridine). This 
type of reaction accounts for the anomalous pyridine products obtained in the Reimer- 
Tiemann reaction for producing aldehydes. 


Hydrogenated Derivatives 


Both the pyrrolines and the pyrrolidines differ markedly from pyrrole in that they 
ate relatively strong bases. Thus, the dissociation constant for pyrrolidine itself is 
13 X 1078, 

Although the 3-pyrrolines and the pyrrolidines can be prepared by reduction (sec 
p. 340), the 3-pyrrolines, as well as the less familiar 2-pyrrolines, are more often pre- 
pared by synthesis involving ring closure. The 2-pyrrohnes can also be obtamed by 
the action of Grignard reagents on 2-pyrrolidones: 


ot RMeX 2 ——— | R 
N N 
R R 
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PYRROLIDINES AND THEIR OXYGENATED DERIVATIVES 

These compounds constitute an important and interesting class of pyrrole deriva- 
tives. Certain pyrrolidines have found use in the preparation of aging inhibitors, 
vuleanization accelerators, and insecticides. Until comparatively recently, pyrroli- 
dine itself was not readily available and was usually prepared by reduction of pyrrole 
or succinimide. However, it is now made commercially by reaction of tetrahydro- 
furan with ammonia at 400°C. over aluminum oxide. The tetrahydrofuran is usually 
produced in the U.S. by catalytic hydrogenation of furan (see Vol. 6, pp. 1005-6), 
or it may be obtained by dehydration of {,4-butanediol (from 2-butyne-1,4-diol) in one 
of the Reppe syntheses (see Reppe chemistry): 


260-80°, 100 atm. HO OHs NU; Hio-— CH 
) ———_——_— —__> 
HOCH,CH, CHECHOR phosphate catalyst HG. Os HQ. OH: 
B 


By the use of primary amines in place of ammonia, it is possible to prepare N-sub- 
stituted pyrrolidines and pyrroles, aud by rearrangement of the latter, a-substituted 
pyrroles. The ammonia or amine reaction may be extended to furan derivatives which 
are algo available by modifications of Reppe’s process; thus 2-methypyrrolidine can be 
prepared from tetrahydrosylvan (2-methyltetrahydrofuran). Another route to pyr- 
volidines involves the reaction of 1,4-dihalo alkanes with ammonia or amines. 

Pyrrolidine, formula weight 71.12, is a colorless, mobile liquid, having a pene- 
trating amimelike odor; b.p., 86-87°C., @P 0.8618, n'$ 1.4430. It is miscible with 
water and most organic solvents. Pyrrolidine undergoes a variety of reactions (20). 
It, can be dehydrogenated to pyrrole by heating to 8350-500°C. in the presence of cata- 
lysts such as the oxides of magnesium, calcium, or zime. Oxidation with chromic acid 
leads to opening of the ring to give aminobutyric acid, NH»(CH.);COOH. Alkylation 
on the nitrogen atom can be effected with alechols or chlormated hydrocarbons, and 
acylation with the usual acylating agents. Addition of carbon monoxide, ethylene 
oxide, acrylonitrile, or hydrogen chloride followed by sodium cyanate takes place on 
the nitrogen atom. Pyrrolidine forms condensation products with formaldehyde, 
with phenols, and with sodium formaldehyde bisulfite HCHO,NaHSO,;. A technical 
grade of pyrrolidine, minimum purity 95%, f.p. — 63°C., flash point (Tag closed cup) 
3°C., is available in development quantities. Pyrrolidine is moderately toxic as well 
as flammable. The container should be kept closed, away from heat or open flame, 
aud breathing of the vapor and contact with the skin should be avoided. 

2-Pyrrolidone, m.p. 25°C., b.p. 245°C., is an intermediate in the manufacture of 
1-viny!-2-pyrrolidone (see below) and is available as a liquid in tank cars. It is useful 
in organic synthesis and as a general organic solvent. 1-Methyl-2-pyrrolédone boils 
at 202°C. It is available in drums and is a good solvent. 

The synthetic product in the pyrrolidine series that has received the most 
attention in recent years, particularly from the pharmaceutical and medical stand- 
point, is 1-vinyl-2-pyrrolidone (N-vinylpyrrolidone). Commercial preparations of its 
polymers are variously known as Plasdone, Periston, Kollidon, Subtosan, and PVP 
(polyvinylpyrrolidone). It was the work of the Reppe group which led to the de- 
velopment of this remarkable substance, by cyclizing 1,4-butanediol: 
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Cu catalyst H.C——-CH, NH; H C—— CH CH 
HOCH.CH.CH.CH.OH — =] aT len cera 
Ec. ~&=0 HC. _C=0 of lactam 
0 8 as entalyat 
y-butyrolactone +-butyrolactam 


(2-pyrrolidone) 


H.C—— CH; 
Be C=0 
CH=CH, 


l-vinyl-2-pyrrolidune 

Monomeric I-vinyl-2-pyrrolidone, by 123°C, is available in drums. [t and its 
polymers show the wusual property of beiug readily water-soluble. 

Polyvinylpyrrolidone is so free from toxicity that if can be safely injeeted directly 
into the human blood stream, The chief use of PVP has been as a plasma expander 
(g.v.). In addition, if appears to have a host of potential uses in medicine nnd cos- 
metics as well asin the chemical industry (see Reppe chemistry), 

1-Vinyl-2-pyrrolidone may also be copolymerized with acrylie acid, acrylo- 
nitrile, styrene, and other vinyl monomers to form products usefil us adhesives and 
surface-active agents. 

The 1,5-diaryl-2,3-pyrrolidinediones (XT) are umong the most interesting oxygen- 
ated pyrrolidines from the purely chemical standpomt. These compounds have re- 
cently been shown to be truly tautomeric with the 2-arvlimino-3-arvimethylevepro- 
pionie acids (XID), from which they are prepared most conveniently; the cyclic tau- 
tomers appear to exist in part if not entirely in the enolic form (XID): 








HC=—COoOH H.C-——C=0 
ArH b=0 — AEG b O ArCH=CH~—C—COOH 
r. = y 3 = 
“N7 . “NT N—Ar 
Ar , Ar 
CXTIT) (XI) (XIf) 


Amino Acids (qv.). Tliree of the naturally occurrmg amino acids possess the 
pyrrole nucleus. ‘Two of these acids are proline (2-pyrrolidinecarboxylic acid) (XTY) 
and hydroxyproline (4-hydroexy-2-pyrrolidineearboxylhe avid), whieh are levorotatory 
({e]p: —81.9°, —80°, respectively) and readily soluble in water. The third, (rypto- 
phan (8-(3-indolyljalanine) contains not the simple pyrrole nueleus but that of indole 
(see Vol. 7, p. 848). 

Alkaloids. The pyrrole nucleus in reduced form is to be found in 2 number of 
important alkaloids (see Vol. 1, pp. 475, 479). Nzeatine (XV), hygrine CXVT), and 
stachydrine (XVII) all contain the same steric disposition about the asvmmetric carbon 
atom of the pyrrolidine ring as that of t-proline CXTV): 


Lt cool (~ 4 sy e J) cx,coce, t= c00- 
H CH, 


CH 7\ 
SN _ H.C CH: 
Proline Nicotine Hygrine Stachydrine 
(XIV) (XV) (XVI) (XVID) 


Atropine (XVIII) is characteristic of pyrrolidine derivatives in which the 2- and 6- 
positions have been united by a bridge: 
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N 
CH; 
CH.OB 


| 
H OOCCHC.H; 
Atropine 
(XVIII) 


Condensation Derivatives 


The condensation reactions of the pyrrole system constitute the most interesting 
and synthetically useful class of reactions to which the pyrroles may be subjected, for 
it is by way of these reactions that the bile pigments and the porphyrins are produced. 

Dipyrrylmethanes. The dipyrrylmethanes (XXI) can be prepared from the 
(monochloromethyl)- or (monobromomethyl)pyrroles (XTX) by way of the pyrryl- 
earbinols (XX), which eliminate formaldehyde and thus open an a-position which 
permits condensation with the original carbinol (XOX): 


R R R R -~cho R R (xx) R R R R 
nl Jone — ell ] CH,OH nl rl Tot dk 
N N N N” 4, ~N 
iH H H H ? H 

(XIX) (XX) (XXI) 


Where there is an open e@-position in the parent a-methylpyrrole, sulfuryl chloride, 
like bromine, produces dipyrrylmethenes (see p. 849). 

However, the chief methad for dipyrrylmethanes is condensation of an aldehyde 
with two equivalents of pyrrole; only one pyrrole or two different pyrroles may be used. 
Tn the former case symmetrical a,e’-dipyrrylmethanes are obtained, while in the latter 
the products ate the analogous unsymmetrical compounds. The reaction, which 
occurs under mildly acidic conditions, resembles the Baeyer condensation of phenols 
which leads to Bakelitic (see Vol. 10, p. 307): 


2] | +cH,o ——> | Le | | +0 
u Yau 
H H Hh 


It is possible to prepare both a,6- and a,o’-dipyrrylimethanes, provided the appropriate 
blocking groups are in the various @-positions. Use of aldehydes other than formal- 
dehyde leads to bridge-substituted dipyrrylmethanes: 


H 
R-—R R R-—;R , RNR 
rl] + nowo + al Jk —> xl § | I, 
coe H iH 


Tripyrrylmethanes. By using a pyrrole aldehyde it is possible to prepare tri- 
pyrtrylmethanes in which two of the groups are the sume (8,10): 


al Jono + UI — LJ a) 
H H H = H 


.< 


R 
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Where all three groups are to be the same a moclifieation of the Reimer-Tiemann re- 
action (9,17) may he usecl: 


| + CHCh+ KOH ~—~—» { | Hf | 
N N ¢ N 
H H H 


rh H 


If three different substituents are desired it. is necessary to condense a pyrrole with a 
free nuclear position with a dipyrrylmethene in neutral solution (16): 


en H,C === COOC,Hs 4 He Ccooc.H, 


; 
CHy 
Ce ae | lon 
HC es 
NCH; 


C;H,00C -_ 


It is obvious that the tripyrrylmethanes bear a structural relationship to the 
triarylmethanes, and consequently, like the triarylmethanes, may be regarded as the 
leuco bases of a class of dyes (see also Triphenylmethane dyes). he tripyrrylmethene 
dye prodigiosin (XXJTI) (the red pigment of Bacillus prodigivsus) is an important ex- 


ample: 
CH ===]0CH; 


N 
H = 
NH 
Prodigiosin 
(S11) 


Dipyrrylmethenes. Of the simpler condensation products of the pvrroles the 
dipyrrylmethenes comprise by far the most interesting and synthetically useful class. 
These compounds can be prepared by various methods but only four general methods 
will be given here. 

Method 1 involves the condensation of «-methylpyrroles by meaus of bromine: 


Lex, + ™ * Udo, — (J nol Jon, (+ HBr) 


H iu Br- 


Method 2 is essentially a reversal of the reaction used to prepare a tripyrrylmethane 
having three different substituents (see above).- A pyrrole aldehyde is condensed 
with two equivalents of a pyrrole in an acid medium to give a tripyrrylmethane, 
which then dissociates into a pyrrole and a dipyrryl!methene (6,16,17): 


350 PYRROLE AND PYRROLE DERIVATIVES 


Ht H | _ 
| 2 + [ ] | 
al Jcuo + oR rhe C wR 
R R R R 


NR 


R 


nl Je wkede JR 


Method 3, whieh is similar to method 2, is the condensation of two pyrrole mole- 
cules with formic acid in the presence of a stronger acid to give a symmetrical di- 
pyrrylmethene (13): 


te ==> 
2 rl | + HCOOH = —— nl | OH 1. de 
N N N 
R R R 


Method +t involves oxidation of symmetrical dipyrrylmethanes by means of bro- 
mine to dipyrrylmethenes (4,7,17); the reaction is used chiefly with symmetrical com- 
pounds owing to metathetical side reactions: 


Bry 
——— HBr) 
1. LE on—Gole 0 
R 2 R 


R Br 





The dipyrrylmethenes are colored substances which are capable of reacting with 
strong bases (in the absence of complete substitution ty hoth rings) to form colored 
anhydro bases (XXITQ): 


Ce “+ oT 
R 


H Bro 
(XXIII) 


In the event of total suhstitution, the more common carbinol base is formed: 
R R R R OH- R R R R 
al J culate al J 8 Te 

R R H 


Considerable investigation of the chromophorie system mvolved has been carried 
out, largely in the interests of determining the sterie influences present in the di- 
pyrrylmethene structure, It is concluded that much as in the triarylmethane analogs 
there is steric interference with the resonance demand that the entire system be co- 
planar. . 

Bile Pigments and Related Compounds. The bile pigments, generally held to be 
unsymmetrically substituted owing to their origin by cleavage of the hemin structure 
(see p. 351) at various points, are molecules containing a system of four pyrrole nuclei 
Imked by methane and/or methene bridges. Methods of establishing these bridges 
are analogous to those for the simple dipyrrylmethenes. Synthetic work in this field 
has led to the preparation of many analogs of the bile pigments and to the probable 
preparation of a few of the natural pigments or their degradation products. Bilirubin 
(XXTV) has the following structure (see also Vol. 2, p. 517): 
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===|CH; H.C (CH.),COOH  HOOC(CH:), CH, H.C=CH-——CH; 
Cece cr or 
O° ON N He N N 
it H 

Bilirubin 

(XXIV) 
The derived mesobilirubin (ACXV) has undergone reduction of the vinyl group in the 
right-hand ring and reductive cleavage of the cyclic ether at the left; end of the mole- 

cule: 





H, N 


Mesobilirubin 
(XXV) 


HO SW CH _~——_ 3 N — 2 OH 
H H 


Complete reduction of the methene linkages of mesobiliruhin affords mesobilirubinogen 
(XXVI), which is found in pathological urine following injury to the liver: 


HO l mar tt pe 6 at jars 7 OH 
N N 
N EH N Ha, H H, H 





5 


Mesobilirubinogen 
(XXYI) 


Porphyrins. By further condensation reactions of the dipyrrylmethanes or 
-methenes with each other the porphyrin nucleus can be synthesized ; 


Cs CH; H,C- 6.4; _ C.H, 
Br CH: N 
H 

CH 





N N 


, HCOOH 
el de ene ae HC 
N 
H 


Hc H 
SCH Nw cH 8 
H,C'+=— GH, C.H,= CH, C.Hs CH, 


etigporphyrin I 





Tmportant typical porphyrins are hemin (XNVII), the red coloring matter of blood, 
and chlorophyll @ and chlorophyll 6 CXXVIID the green coloring matter of plants 
(see also Chlorophyll). 





ales CH=CH, + 
I 
: cH 
Sf _ 
HC | 
[ay N-ne en Be momo \ cr 
HooccH,cH,-& 
; 
HooccH,cH,—=—!cH, 
Hemin 


(XXVID) 
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H,C a CH=CH: 
I cH 
He N 





Chlorophyll a CXXVIED Chlorophyll 6 

Tt is of interest to compare these natural pyrrole pigments with the phthalo- 
eyanine dyes (q.v.), often called porphyrazines because they resemble the porphyrins 
in structure but contain nitrogen bridges in place of the methene bridges. The phthal- 
ocyanines are not prepared from pyrroles but are produced by the action of copper or 
magnesium or their salts on phthalonitrile or reluted compounds. 

Pyrocolls. These compounds are produced by the action of acctic anhydride 
upon the «carboxylic acids of the pyrroles. The unusual phenomenon of substitu tion 
occurring on pyrrole nitrogen in an acidic medium to form pyrocoll (dipyrrolo[a,d]- 
pytazine-§,10-dione) (CXIX) may be attributed to the unusual driving force so fre- 
quently encountered where six-membered rings can be formed: 


(CH,;CO),0 
2 3 coor [ wk 0 
H 
o YT “5 


pyrocoll 
(XXIX) 
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QUALITY CONTROL 


The quality control operation comprises: (1) specifying what is to be produced; 
(2) producing the material or things to satisfy the specification; and (8) inspecting 
what is produced to see if the specification was, in fact, satisfied. Thus did Walter 
Shewhart, the ‘father’ of statistical quality control, conceive a systematic approach 
to the problems of the production process. Statistical quality control is a methodology 
with a relatively short history, its basic principles having been formulated for the first 
time by Shewhart in 1924. Shewhart developed a system of ideas necessary for intro- 
ducing rational methods which night relate specifications of a manufactured product 
to economic criteria of control. He introduced the idea of establishing a new type of 
goal or objective in manufacture and provided simple operational means for attaining 
this goal, which is the state of “statistical control.” 

Quality control implies producing to desired standards while minimizing consump- 
tion of raw materials, expenditures for direct labor, and maintenance and indirect 
labor costs. When properly utilized it provides economies in production, and pur- 
chasing, and also better consumer relations and higher sales potentials as well as im- 
proved operating efficiency. See also Instrumentation; Pharmaceuticals, Vol. 10, p.258; 
Pilot plant. 


Concept of Process Control in the Chemical Industries 


The statistical point of view is gradually becoming accepted as a general view- 
pont among chemical researchers. Less rapidly, but with considerable momentum, 
it is being applied to chemical production. In general, the objective of statistical 
techniques is to distinguish between assignable causes of variation (which may be 
discovered, isolated, and removed) aud chance (or uncontrollable) causes. Once 
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this objective has heen achieved, it is possible to use control methods to analyze and 
eliminate specific assignable causes and attain an improvement in the economics of 
production. 

In the chemical industries the application of such criteria includes: (1) deter- 
mination of raw material specifications; (2) acceptance procedures for raw materials; 
(3) determination and maintenance of product specifications; (4) determination of 
magnitude of losses of valuable components; (5) process efficiencies; (6) proper 
settings for process variables; (7) component balances; (8) accuracy of analytical 
methods: (9) development of testing and control programs; (70) determination of 
normal operator errors; and (11) selection of proper instrumentation aud control 
systems. 

Statistical quality control for these purposes involves the collection and use of 
appropriate evidence as an aid to judgment and experience in reaching decisions and 
setting policy. Statistical methodology provides a set of objective rules for making 
rational decisions and for assessing the visks associated with these decisions. Merely 
collecting data does not in itself provide appropriate evidence. In order that data 
may be uscd to determine assignable causes of variation, whether in accepting raw 
materials and finished produet, or in setting process variables, the procedure for ob- 
taining and manipulating the data must be designed so as to permit the making of 
valid conclusions. Any procedure for obtaming appropriate evidence must answer 
the following questions: 


(1) What kinds of data shall be collected? 

(2) Howshall these data be obtained? 

(3) What is the least amount of data and the least costly kind of date that will 
yield the desired conclusions? 

(4) With what precision can the decision be made? 


Under these conditions the application of statistical techniques to chemical pro- 
duction requires a combination of thorough understanding of process technology and 
statistical techniques. It is a fundamental requirement that the individual seeking 
to apply quality control methods to any process must thoroughly understand the tech- 
nical details of that process. 


Relation of Control to Instrumentation 


In the chemical industry control of critical process variables at relatively constant 
values, or, within predetermined limits, by instrumentation is commonplace. Auto- 
matic operation of entire plants is not unknown. The application of automatic sens- 
ing and recording mechanisms is an important part of quality achievement in the 
chemical industry. However, there is much more involved in the application of statisti- 
cal quality contro] to a process. Quite often, a process which uses many individual 
automatic devices is not “controlled” in the statistical sense. For example, a reaction 
whose temperature and pressure are kept within predetermined limits by instrumen- 
tation may yield ‘‘out of control” product due to the variable moisture content of the 
incoming raw material. Or, in a crystallization operation where size of crystal is the 
critical variable, adjustments must be made in temperature and speed of agitation 
of the crystallizer, depending upon measurements of finished crystal size. Statistical 
coutrol methods must be applied to determine settings for the temperature and speed 
instruments. ; 

Further, a great many elements 5 in chemical production require the application 
of quality control methods to determine economical settings for process variables. 
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Jn a complex operation, different eombinations of factor levels lead to different re~ 
sults and associated cegrees of variability and thexe can be sorted out only through 
statistical techniques. The determination of critical poiuts for installation of instru- 
mentation may require the same type of analysis. Therefore, instrumentation and 
quality control go hand in hand, each supplementing the other. 


Control Techniques 


An understanding of two fundamental concepts is essential in applying the 
methods of statistical mathematics to the problems of control of quality: (1) the qual- 
ity characteristic and (2) vartability. The quality characteristic may be any attribute 
or variable associated with the raw material, product, or process, with respect to which 
a value judgment has heen mace as to its desirability or undesirability. Thus, color, 
temperature, pressure, hardness, tensile strength, refractive index, pH value, ete., 
all may be quality characteristies. The designer of a product or process attempts to 
specify the quality characteristics within an economical range of attainable values. 
Such characteristics may apply to raw materials, in-process material, finished product, 
ot to process characteristics. Thus, the process designer may specify the pH of an 
incoming raw material us 8.1 + 0.1, 4 reaction temperature as 220°F. + 10° for 
3 hours ~ 0.1 hour, and a finishecl-product specific gravity as 1.2 = 0.05. These ure 
all variable quality characteristics and they are susceptible of measurement on a contin- 
nous stale. In general, it is with this class of quality characteristics that the chemical 
process industries are concerned, 

However, there are produvts in which measurements of this kind are not pussible. 
Thus, in the production of plastic moldings, the designer may specify that the finished 
part shall not he cracked. One may decide whether the parts are or are not, in fact, 
cracked, and count the number of cracked parts in a finished lot. Such a character- 
istic is called an aétrhute and is not specified in terras of a measurable range of accept- 
ability asis a variable. Quality coutrel techniques may be applied to both variables 
and attributes, but in chemical processes the former are vastly more important, 


VARIABILITY 

When a designer places the specification 1.20 + 0.05 as the specific gravity of a 
suitable or desirable product which a process shall produce, he has implied several 
important assumptions which are basic to statistical quality control. In the first 
place, he has implied that some variation is inherent in any physical process and in 
variable measurement. He has, in effect, declared: “I have designed this process so 
that if specific gravity is measured ‘accurately’ ancl ‘reliably,’ I expect the greater 
part of the measurements to fall between 1.15 and 1.25.” Leaving aside for later 
consideration the problems of accuracy and reliability, and assuming that the measure- 
ments can be suitably made, the designer has further implied that the process will 
produce duriug its operation a consistent produet which is either in a state of “‘statisti- 
eal control” with respect to specifie gravity or of a variability whose limits while ex- 
ceeding Lhe coutrol limita do not exceed the specified tolerances. In other words, 
some variation will be accepted as “normal” in relation to the objective of a specific 
gravity of 1.20, 

The establishment of a specification and the acceptance of inherent variability 
in the process further imply that there is an ability to recognize acceptable versus 
nonacceptable variation in the product. Thus, the designer examining the continu- 
ous record of specifie gravity of the finished product for 55 days as shown in Figure 
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L(a) would state that as far as he was concerned the process was performing satis- 
factorily, and that the variation shown was to be expected and was quite acceptable. 
The question of how he knows this, and on what scientific evidence he bases his state- 
ment will be discussed below. 

On the other hand, can he make a similar statement concerning the record for 
days 55-110 shown in Figure 1(6)? If not, what can he say? For two mouths, the 
product has been in some sense suitable, but in the third and fourth months the ques- 
tion of suitability becomes a matter of doubt. If the product falling outside the de- 
sign limits is unacceptable to the customers, then part of the production must be dis- 
carded. Even if it is acceptable, shall the variation now recorded be regarded as 
“normal”? If not, what implications does this have for operations in the future? 
Without the methodology of statistical quality control these questions cannot be 
answered efficiently. 
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Fig. 1. Continuous specific gravity record. 


Turning now to Figure 1(c), a record of the specific gravity for the period from 
110 to 165 days, would the new surprising lack of variation be believed as representing 
the true state of affairs? Here, the process designer would be likely to say “something 
has happened.” In this case, he is not concerned with the product falling outside 
limits, but rather with the credibility of the evidence that it is within these limits. 
If a new specific gravity recorder had been installed on the 105th day, without further 
statistical manipulation of the data, the finger of suspicion would be pointed at that 
instrument. 

The methodology of statistical quality control requires the measurement of 
some characteristic for which there is interest and the recording of its variation. 
Further, the example considered illustrates that the nature of this variation itself 
fluctuates through time, and in order to nnderstand the control process we must be 
able to make specific judgments with respect to this variation. It is necessary to 
state what are “normal,” “expected,” and “acceptable” variations. Further it is de- 
sirable to relate “unexpected” variations to definite causes. 

Although the example considered leads to the raising of the fundamental questions 
of statistical control, obviously the majority of chemical processes will not be measur- 
able in terms of single variables, and the choice of variables to be specified and con- 
trolled becomes a major question. If the specific gravity of a product were a matter 
of indifference to the consumer, it might not be specified or measured. On the other 
hand, if the refractive index of the product was of importance to the consumer, and if 
it were found that this was closely related in production to the control of specific 
gravity, the producer might still be interested in the control and measurement of 
specific gravity, whether the consumer was or not. 
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FREQUENCY DISTRIBUTIONS AND SAMPLING 

In order to answer questious with respect to the expected variation of a process 
variable it is necessary that the frequency distribution of the measurements on that 
variable be studied. Water coutent determinations for 100 samples of a product as 
taken over a period of time are shown in Table I. Observation of the data in this 
form does not furnish quantitative answers to the questions regarding process behavior. 
If, however, the information is tabulated as shown in Figure 2, an indi¢ation that there 
is some regularity in the data begins to be clear. 


TABLE I. Water Content Per ( Cent) of 100 Samples, 





13.5 3. 6 IB.8 13.0 


13.6 13.5 “13.5 13.2 13.0 

12.8 13.2 13.4 13.8 13.1 13.3 13.8 13.2 13.4 
13.4 13.2 13.2 14.0 13.7 13.4 13.2 4 13.3 
13.1 13.2 13.5 13.2 13.6 138.0 13.8 13.0 13, 
13.4 13.5 13.8 13.4 13.7 13.8 Wl 16.7 3.1 
13.7 i421 13.0 13.8 12.9 13.3 13.2 13 13.0 
12.8 12.9 13.7 14.0 12.9 13.4 13.8 13.3 13.8 
13.0 W.4 18.4 13.4 13.3 13.6 Wt I3.4 13.6 
13.9 13.5 13.38 13.4 13.7 13.0 18.0 13.0 13.3 
13.4 18.5 13.3 13.0 hs 12.6 18.3 13.60 13.6 
13.3 13.6 13.6 13.1 13.1 1s. 13.4 13,2 12.9 
13.5 





It may not always be convenient to tabulate the data with the measurements at 
their specifie values. Where large amounts of data are handled, it is often useful 
to group them, into class tntervals or cells. For example, the data of Table I could be 
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Fig. 2. Frequency table and chart of water content of 
100 samples. 


grouped into class intervals of 0.2 per cent with the interval boundaries midway be- 
tween two possible observations. Such a grouping plotted in the form of a frequency 
histogram is shown in Figure 3, and constitutes a classed distribution of effects (meas- 
urement versus the frequency of that measurement). 

It will be noted that in the case of this distribution of process measurements & 


358 QUALITY CONTROL 


few of them are quite high aud a few quite low. The remainder tend to cluster about 
some set of values approximately midway between the two extremes. A smooth 
curve, such as shown superimposed on the histogram in Figure 3 is an approximation 
of the process variation In moisture content to be expected on the assumption that. the 
100 samples (of one reading each) were representative of the process when it was operat- 
ing under stable conditions. 
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12,55 12.75 12.95 13.15 13.35 13.55 13.75 13.95 14,15 
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Fig. 3. Frequency histogram of water content of 100 
samples, with smooih curve superimposed. 


The Normal Distribution. The methods used in statistical quality control are 
based on either a knowledge of the shape of the frequency distribution relating to a 
process characteristic or to the distribution of the averages of a sevies of samples. 
Many different kinds of these distributions have been investigated and mathematically 
described. A complex set of causes of variation in a stable process operating equally 
to produce variations im opposite directions will tend to make a set of measurements 
symmetrical and clustered abont some central value, forming the so-called “normal” 
distribution. Observation in a great many fields has yielded distributions typical 
of this class. The use of the desipnation “normal” is, in a sense, unfortunate since 
this is by no means the distribution always found or even to be anticipated. 

The equation of the normal curve is: 


1 
y= OS 


eT eae? 
ov/ Qr 

where y = suber of samples having a deviation x from the mean X, and o is the stand- 
ard deviation (see p. 359). ¢ is the base of the system of natural logarithms. The 
normal equation gives the general rule relating the relative frequency of occurrence of a 
measurement to the amount by which it differs from the population mean value. The 
normal curve has been the subject of intensive study, and tables are available in 
standard works on statistics showing the ordinates and areag of the curve in terms of 
the standard deviation, Other relationships, between range (see p. 360) and standard 
deviation, aud between characteristics of individual observations and of sample aver- 
ages are available. Figure 4 shows a normal curve and indicates the utility of the 
tables giving areas within given intervaly of the abseissa. Tlie ratio of such areas to 
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the total area under the curve is equivalent: to the probability of occurrence of 4 measure- 
ment within the interval. 

The Poisson Distribution. Where the probability of the occurrence of an event, 
or measurement, is small but constant, and the number of observations is Jarge, but 
nevertheless small compared with the total number possible (for example, the 
frequency distribution for time intervals between successive a particle emissions), 
the Poisson form of distribution may be useful. The Poisyon distribution is defined as: 

P(e) = ee 
wnt 
whore P(x) represents the probability that 2 value x will be obtatued when the average 
occurrence has been fouud to be m.  ¢ is the base of the natural system of logarithms. 
The Poisson distribution is often utilized in the quality control of product churacter- 
istics described by attributes, such as the eracked plastic moldings mentioned ahove. 


STATISTICS 


When a set of data is utilized for comparative 
or other purposes it is necessary to have more than 
graphical representations of the frequency distribu- 
tious. An approach to quantitative criteria is 
available through astatistical methodology. From 
a set of data several values may be calculated which 
are functions of the measurements. Such values 
are termed statistics. Statistics most commonly 
used in industrial quality contro! are the average (If total aren under the carve = Z. 
LX), standard deviation (a), and the range (IR). the probubility of a measurement 

The mean value or average of a set of data is: falling between @ and 6 = 2/Z.) 





AVERAGE 


Fig. 4. The normal curve. 
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This statistic is the one most generally used in quality control. It is utilized to 
report almost all quantities involved in chemical processes: average moisture content, 
average pH, average yield, etc. It is one of the values of a characteristic which is 
commonly controlled iu the statistical sense, and may be established as the “operating 
level” of a process. 

The standard deviation is a measure of the spread or dispersion of the data about 
the average. Its calculation involves (1) determination of the difference between 
each observation and the average of the observations, (2) squaring each of these dif- 
ferences, (8) averaging these squared differences, and (4) taking the square root of 
these differences: 


= Vi Sa 2» 
Mist 


Short-cut methods for the calculation of both ¥ and ¢ have heen devised aud are avail- 
able in most standard texts on quality control. 
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The range is also a measure of the spread of a seb of measurements. It is, quite 
simply, the difference between the largest and smallest values found in the set, or: 


R = Nz _- Ng 


where NX, is the largest value in the set and X's is the smallest value in the sct. It is 
relatec| to the standard deviation of the parent population, The relationship of sample 
mean ranges (2) and standard deviations of sets of ranges (72) have been theoretically 
calculated. The range can provide an estimate of the standard deviation. A control 
chart for ranges is commonly used in addition to a control chart for averages in order 
to detect new assignable causes aud to remove existing ones which affect process and 
procuct characteristics. Table IT shows the relationship of X, o and F for two sets of 
data each having the same average. It is to be noted that merely having the averages 
of these data would nof have provided adequate information concerning these process 
Inéasurements. 


TABLE II. Calculation of Statistics. 





Yield samples, Set / 

















“Yield, % NX; (XD (x, - Yield, %.X; (XM) (x, x 
60 0 0 30 —30 900 
60 0 0 90 30 900 
70 10 100 40 —20 400 
50 —10 100 80 20 400 
BX, = 2410  =(X, — X)? = 200 X;,= 240 (NX; — ¥)* = 2600 

s(x, —¥) _- 2(X, — X)2 _ 
n= 4 c= a = /50 n=s4de= Rete = / 650 
X = 240/4 = 60% «6 =707% X = 2140/4 = 60% a= 25.5% 
Xz, = 70 Xe = 60 X, = 90 Xg = 30 
R = 70 — 50 = 20% R= 900 —30 = 60% 
SAMPLING 


Suppose that the 100 moisture content determinations listed in Table I each repre- 
sent an average of several observations taken [rom 100 batches of material which were 
all shat were going to be produced. It would then be possible to state that the frequency 
distribution shown in Figures 2 and 3 described the moisture content characteristics 
of the entire population or universe of the material (that is, a sample will have been 
taken of all the material with which we are concerned). 

On the other hand, suppose the process under study were a continuous one and the 
100 samples represented average moisture determinations taken at stated intervals 
over the period of a week. Then the 100 measurements would only be a sample of the 
population of moisture contents of the material produced, Without the assurance 
of stability we cannot state that these will be the characteristics of future production 
hor can we believe in the homogeneity of the product already produced, In any case, 
such samples vary from one another just as do individual measurements. It is gener- 
ally the case that an attempt is made to estimate the parameters of the population 
from the sample statistics. . 

Tt has been shown that process factors vary through time and that it is of vital 
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importance to distinguish between changes due to chance and those due to assignable 
causes and then to take action baseel upon judgment as to whether the process is in a 
state of control, Although large samples tend to represent the clistribution of the 
population more accurately than small samples, care should be taken in basing the 
eontrol of processes through time on single large samples. For example, the large 
sample is subject to fluctuations which may cancel out within itself, and despite its size, 
the sample may not be representative of stable operating couditions. Shifts in variable 
level may take place during the time the sample is taken or a trend may exist which 
would be obscured by the lumping of the data. On the other hand, if mauy small 
samples are used instead of one large sample, estiinates as to the state of affairs with 
respect to these conditions is generally possible. 

Sets of statistics derived from many groups of small sainples, that is, sets of deter- 
minations of X, ¢, and &, have distributions of their own which are related to the parent 
population. Knowledge of these distributions is extremely useful in establishing proc- 
ess controls, For example, the average of the averages of small samples is equal to 
the averages of all the individual observations. The standard deviation of the dis- 
tribution of averages az is given by: 

ox = ox/V/n 
where oy is the standard deviation of the individual population and 2 is the mumber of 
observations In a sample subgroup. The distribution of the subgroup averages 
tends toward normality as the sample subgroup size is increased, no matter what the 
distribution of the parent population. The selection of the size and number of sub- 


groups in a rational manuer is extremely important, and standard practices are avail- 
able in the literature to indicate efficient choices. 


CONTROL CHARTS 

The operation of statistical quality control involves the examination of a sequence 
of data for clues as to assignable causes of variation. On the basis of evidence from 
statistics computed on subsamples from these data, control criteria are established to 
indicate whether or not a process manifests a state of stability or coutral. An obvious 
requirement is that all measurements must be obtainecl under essemtially the same 
conditions (on the basis of judgment, test, and experience). The objective of the con- 
trol operation is to be able to take action on evidence that assignable causes of variation 
exist. Such action should lead to removal of these causes, and thereby permit a stable 
pattern of process behavior to emerge. The attainment of a state of control may bea 
gradual process, As causes are removed it is likely that control limits will be narrowed. 

The use of a control chart is based upon the assumption that if the process were 
in stable operation the chances that a given statistic would fall outside the limits or 
criteria established would be less than some small (predetermined) value, if no assign- 
able cause of variation were operating. It follows from this assumption that action 
is taken as though an actual population existed from which control criteria are com- 
puted on the basis of an estimated frequency distribution. Thus, Figure 5 shows a 
control chart for purity of successive batches of a chemical product. 

It will be seen that control limits are established that will include the largest part. 
of the normally anticipated measurements, based upon the estimated frequency 
distribution. The exact location of these limit lines is subject to standard rules which, 
for example, are different in Great Britain and the U.S. However, ultimately, the 
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location is a matter of judgment for a particular process or operation. Standardized 
rules cannot account for the variety of process behaviors and cannot account for the 
rariety of risks which one is willing to take. Thus, tt is apparent that, if the limit 
lines are set far apart in respect to the estimated distribution, the risk of overlooking an 
“out of control’ measurement is greater than if they are sel. more narrawly, and the 
risk of looking for an assignable eanse of variation is less since more of the points are 
likely to fall within the limits. Obviously, if the limit lines are established closer to 
the estimated average incasuremeut the reverse is true. 

Asa rule, limit lines are established on the basis of the estimated process standard 
deviation, Thus, for the “normal” frequency distribution, limits set at X + 30% 
will include approximately 99.7& of the averages. The American Standard control 
chart factors are based upon 3¢ limits. In the chemical process incustries it is often 
cousidered desirable to increase the chances of determining owt of control production 
and limits are set at X% + 20. 
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Fig. 5. Control chart for purity measurements showing estimated dis- 
tribution from which limit lines are established. 


Figure 5 shows a chart based on individual measurements of a batch. Where 
statistics such as X and F are used for control purposes, each point on the chart will 
represent a calculation of the sample statistics from a group of measurements. 

Tables of multipliers based upon the relationships among the various statistics 
are usually used to establish limit lines. The use of such multipliers takes the general 
form: 


Upper Control Limit (UCL) = Average statistic -+ 
(Factor <X average range, or average standard deviation) 
Lower Control Limit (LCL) = Average statistic ~ 
(Factor X average range, of average standard deviation) 
Thus for 3¢ control limits on averages see Table IIT: 
UCL = ¥ + AR or X + Aye 
LCL = X¥ — AR or ¥ — Aw 


It 
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In setting up control charts on a process, collection of data requires establishing 
the subgroup size and the frequency of sampling. Usually, 25 or more samples are 
taken to provide the preliminary data for control chart construction. However, it 
may be desirable, where batehes are involved, to use fewer data ta begin control 
operations. Experience with the process is necessary in determining size and fre- 
quency of samples, Unequal sample sizes require special treatment, methods for 


TABLE II]. Selected Factors for Control Chart Limits. 











UCLY = ¥ + Avwor f+ AR UCLe = Dt 
LCLy = ¥ — tiaor ¥ — Aw LCL, = Pilt 
Sam le Broup — eee 7 _ - ~ ” 
in aly Dy BD, 

3.760 0 4.267 
2.304 0 2.575 
1.880 0) 2,282 
1.596 0 2.115 
fi 1,-£10 0 2.004 
7 1.277 0.076 1.924 
8 1.178 0.378 0.138 1. S64 
q 1.094 0,337 0.184 1.816 
10 1. Liv 


028 0.308 0), 223 


Source: reference (1). 


which are described in the varions references in the bibliography. Subgroups should 
be chosen so as to be as homogeneous as possible within the group, and at the same 
time to maximize the chances that differences among the groups will point to assign- 
able causes of variation (by operation unit, by operator, in time, ete.). 

The process of setting up control charts may be illustrated by the data in Table IV 
piving 100 consecutive determinations of vapor pressure in a separating column for 
butane-isobutane. The vapor pressure is directly relatable to mixture composition. 
Four readings were taken every hour for a 25-hour period and recorded as shown. 

For the chart of averages, Figure 6, the center line is located at the mean value, 
X, which is equivalent to either the average of the 100 samples or the average of the 
25 sample means, which was found to be 184.29 psig. Table IV shows selected values 
of the control chart factors for 3¢ limits. For samples of size 4, de (the factor for 
ranges) is 0.729. ‘The limit lines for the X chart are obtained from the formulas as 
shown on Table IIT. &, the average of the 25-sample ranges was found to be 2.55 
psi. For ann < 6, the lower limit for a range is necessarily 0. The tables show 
separate constants for lower (Ds) and upper (D,) range liinits. D,; for samples of 4 is 0, 
and D, is 2,282. Calculation of range limits is shown on Table IV. The actual charts 
for range and averages are shown in Figure 6. 

Examination of the chart for averages can furnish evidence as to whether a change 
has occurred between samples. The range furnishes evidence as to whether the uni- 
formity (variability) of the process has changed. Comparison of both charts will 
furnish clues as to where assignable causes of variability may exist. In calculating R 
excessively high limits of variability may be found, and it is in general the philosophy 
of the control methodology to remove the eauses for such variability from. operations 
and thereby bring variability as evidenced by & into a narrower baud. From the fore- 
going calculations it may be seen that this operation will have a direct bearing on the 
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TABLE IY. Data Sheet for X and R Contro} Charts. 


Unit: Aleohol column Measurement anecuracy: 0.1 p.s.i 
Unit number: 1 Dept.: HA 
Speeilied limits: Max. 188 p.s.Lg. Dates: 9/22/52, 9/23/52 

















Sample No. Time - f 2 3 4 7 Total . v R 
! 6am, 183.0 182.) 183.4 183.0 731.5 182.87 1.3 
2 7 183.38 184.6 181.3 184.4 736.6 184.15 1.3 
3 8 183.4 186.0 186.6 186.3 742.3 185.57 3.2 
‘L ‘) 185.7 186.2 186.8 18-f.-4 743.1 185.77 2.4 
5 10 182.4 182.2 182.8 181.6 729.0 182,25 1.2 
6 1] 184.6 184.1 185.9 186.0 740.6 185.15 1.9 
7 12 183.8 183.9 186.2 186.1 740.0 185.00 2.4 
8 Tp.m. 185.0 183.3 183.0 184.0 735.3 183.82 2.0 
9 2 183.3 184.4 181.4 181.3 730.4 182.60 3.0 
10 3 185.2 183.7 184.8 185.5 739.2 184.80 1.8 
11 4 182.6 183.4 185.2 182.2 733.4 183.35 3.9 
12 5 185.9 187.7 186.8 18+.8 745.2 186.30 2.9 
13 6 182.6 183.8 184.9 182.8 734.1 1838 .52 2.3 
14 7 183.5 186.4 185.3 18+.5 730.7 184.92 2.9 
15 & 185.9 184.5 187.5 183.8 TAL.7 185.42 3.7 
16 9 183.5 183.6 182.8 182.1 732.0 183.00 1.5 
i7 10 183.5 184.3 181.9 185.3 735.0 183.75 3 uf 
18 11 187.1 186.2 188.1 187.0 TAB. 187.10 LL. 
i 12m, 183.2 1384.0 185.6 185.6 738 . + 184.60 2.4 
20 lam. 184.1 187.3 185.7 184.7 741.8 185.45 3.2 
21 2 185.0 185.2 184.2 185.5 739.0 184,97 1.3 
22 3 183.2 181.9 186.7 184.6 736.4 18.10 1.8 
23 4 180.2 183.8 183.2 184.0 731.2 182.80 3.8 
24 5 184.5 186.3 184.4 183.2 738.4 182.60 3.1 
25 6 185.1 184.1 182.0 182.9 734.1 183,52 3.1 
Totals 4607.38 63.8 


X = 4607.38/25 = 184.00 psig, Hf = 63.8/25 = 2.55 
Se Lintts for Chart of Averages 
UCLe = ¥ + Ask = 184.29 + (0.729)(2.55) = 180.15 psig. 
LOL = ¥ ~ AR = 184.29 — (0.729}(2.55) = 182.43 psig. 
3a Limits for Charl of Ranges 
UOL, = De = (2.282)(2.55) = 5.82 p.s.i. 
LChp 


ti 


I 
a 





acceptable (according to functional and economic criteria) limits for XY, or the process 
operating level. Charts may also be constructed for standard deviations; methods 
for constructing and utilizing such charts are available im the literature. 

Charts for fraction defectives are called “p” charts and limit lines are set around 
p, the average fraction defective. For 3c, limits, the formula: 


is used and charts are available for constructing these. 
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Where number of defects is au important factor, “c” charts are used with the cen- 
tral line @ being the average number of defects per sample in a set of samples. Limit. 
lines for 3¢, limits, when sample sizes are equal, are established by: 

é & 84/e 


aud charts are available to facilitate its use. 
Risk Factors and Control Chart Modifications. It was indicated above that the 
choice of limit lines gives rise to risks of (7) not observing that a measurement is ‘out. 
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Fig. 6. X and R control charts for vapor pressure in alcohol column. 


of control” when, in fact, a significant change in process or operation has occurred; 
and (2) observing 4 measurement indicating “out of control’ operation when, in fact, 
the process is in stable operation. 

The setting of 3 limits for 4 normal distribution has an associated “risk factor” 
of 0.0018, indicating that, in the long run, 18 times in 10,000 a value outside an X limit 
line will be observed when, in fact, no change has occurred in the process. Implied 
in this risk factor is the fact that the lower the chance of observing an untrue “out of 
control” measurement, the higher is the chance of missing a true “out of control 
measurement.” To reduce the latter risk and to provide more sensitive indicators, 
the chemical industry often uses limits set at 20. In this case 23 abservations in 1000 
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will have values outside a limit fine, in the long run when no change has ovcurredd, 
‘Tables are available for other values of this risk factor, one in len, one in twenty, ete. 

When other than 3o limits are desived, ¥ chart limit lines may be constructed from 
3o tables, by modifying the factors in proportion to the reduction in ¢ limits. Tor ex- 
ample, 24 Az would be utilized to construct 20 limit lines for aun X& control chart from 
R. Formulas are also available to convert & control charts to other than 8¢ limits, 

In some cases double sets of limit lines are used to determine whether measure- 
ments are falling in an acceptable pattern on the chart. A common technique is to 
set the inner limit lines at 2 and the outer lines at 3c. If the average of two succes- 
sive points is outside the 20 limits or if a single point. is outside the 3¢ limits, action is 
taken. In other instances, past practice is used te establish a standard of performance 
and an expected range of variation or “standard” o’, Special tables are available to 
devermine control limits when the standard o’ is accepted as valid. 


ESTABLISHMENT OF PRODUCT SPECIFICATIONS 
In the long run, quality coutrol tecbuiques are utilized to produce materials at 


sone optimum economic level. In order to achieve this goal a producer must establish 
specifications for the raw material be purchases, for the products of the unit operations 
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CARBON CONTENT 
Fig. 7. Distribution of carbon content in steel for 
various plants. 


and processes to be used within his own plant, and for the final products he sells to 
customers. Specified operating levels ancl tolerances allowable about those levels are 
involved in all of the above. A compromise must usually be made between technically 
most desirable and most economic specifications. The final specifications establish 
operating requirements for a given process or sct of processes. 
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in order to set the most efficient tolerances it should be clear that a state of statis- 
tical control must be approximated. Thus, in setting maximum and minimum toler- 
ances for a characteristic where no control exists as evidenced by observation, the signif- 
icant observations are those of actual minimum and maximum values. On the other 
hand, where a state of control has been induced by control chart techniques, the use 
of frequency distributions to set tolerance limits, with some specified level of con- 
fidence that they will be adhered to, is justified. 

Tolerances may be set for either maximum or minimum values or both, or for a 
specific slatistic or statistics. The quality level of the variability determines whether 
or not a set of specifications is realistic or operational. Thus, in Figure 7, we assume 
that tolerance limits have been set for the maximum and minimum values of a process 
characteristic, say, carbon content of a steel in per cent. The average value is the 
desired operating level. Variations observed for different plants over a period of thne 
might give frequency clistributions as indicated. The importance of understanding 
the variability of the process with respect to specification is clearly seen. Only plants 
1 and 2 can produce consistently within specification, and actually plant 2 is apt to 
produce steel of too high carbon content. Plant 3 will mect the average requirement, 
but will produce significant quantities above the maximum limit. Plants 4 and 5 will 
have great difficulty in consistently neeting, the requirements. Product specificatious 
are thus seen to be a joint product of user requirements and process or operation capa- 
bilities. They cannot be set realistically and economically until eontrol of the process 
is assured, 


ACCEPTANCE SAMPLING 

When it is necessary to decide whether or not a batch or Jot of product meets speci- 
fication, an acceptance plan is required. The principles of such a plan apply equally 
to acceptance of purchased raw material and intraplant production. The develop- 
ment of such a plan is based upon the size of the lot or batch and the size of the sample. 
For example, assume plastic moldings are being produced in lots of 1000 and it is re- 
quired that noue of them be cracked. Tt is proposed to test the lot by sampling at 
random a given number of these pieecs. If any of the pieces are, in fact, cracked, 
there is a given probability that such pieces will be contained in the sample. The 
larger the proportion cracked, and the larger the sample, the greater the likelihood 
that the sample will contain defective pieces. 

For any given sampling plan—lot size, sample size, allowable number of defectives 
in sample—it is possible to construct curves which indicate the probability of accept- 
ance as a function of the per cent defective in the product sampled. Such curves are 
called operating characteristic curves. ‘The use of such curves entails two types of risk: 
(1) the consumer’s risk, which is the chance of accepting a batch or lot on the basis of 
the sample when, in fact, the lot or batch is not satisfactory, and (2) the producer’s 
risk, which is the chance that a batch or lot will be rejected when, in fact, it is satis- 
factory. It will be seen that these concepts are closely associated with those of contral 
of operating level described previously. 

Tables have been developed by Dodge and Romig (11) for both single sampling and 
double sampling (the above description is for single sampling) which prescribe for 
various lot sizes, the sample sizes and acceptance criteria to use for certain pre- 
seribed limitations on ‘risks and levels of defectiveness. The tables permit economic 
use of statistical concepts in acceptance sampling. Methods and tables have also been 
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developed for sequential sampling. In general double and sequential plans call for 
successive sampling where the decision as to acceptance, rejection, or continued 
sampling is based on results obtained from each sample in sequence, These have 
the advantage that for the same degree of risk, on the average, stnaller sample sizes 
may be used. 


CONTROL IN THE LABORATORY 

The ability to achieve quality in chemical processes depends in the long run on 
the ability to measure process variables accurately and precisely. It is equally true 
that experimental and research work depends on the variability of an experimenter’s 
measurements, Thus far in this article, it has been assumed that the measurements 
on which distributions and control charts are based have been made with sufficient 
accuracy and precision. It should be evident that some similar statistical techniques 
must be applied to achieve a state of control in the measurements themselves if satis- 
factory process control is to be based on them. further, means are necded whereby 
data involving a number of variables nay be anabyzed to get at underlying caases of 
variation. 

The accuracy of a method of measurement is indicative of aerecment between the 
observed results and the “true” value, while precision (sometimes called reproduci~ 
bility) indicates agreement among many observed measurements, regardless of what. 
the true value may be. In any case, there will be a variation of values, either with a 
single instrument or with respect to a group of instruments. In mary cases in chemi- 
cal measurements there will be a variation among operators regardless of the instru- 
ment used. 

Thus, the variation of observations on a given product will depend upon: (Z) 
the variation of the product, (2) the variation of the measuring instrument, and (8) 
the variation of the observer. In statistical terms, the observed (ogpy,) will be Gf 
these variations are independent of one another); 


_ i ee cee ees ae 
Q Tops. = V o roa. r Coper. + Finstr, 


Then the ¢proa., on Which, quality control is to be based, is: 





_ : 2 2 
Tprod, = V obs, —™ Gaper. ~~ instr. 


Foper, ANA Singir, BYE determined by experiments using standards, single units of product, 
and a number of operators and instruments. Thus, the variation due to measure- 
ment may be isolated from that due to the production process itself. Where there are 
conflicting measurements between plants or laboratories, experiments may be designed 
in which a number of replicates are run at each plant or laboratory and the variation 
due to each determined. 

The precision of two sets of measurements may be compared by taking the ratio 
of the squares of the standard deviations (variance) found for each test. This ratio 
(termed F) is a statistic for which tables have been computed showing the probability 
that # will have a given value if, in fact, the “true” standard deviations of the two sets 
are equal. Thus, the experimenter can determine that tao particular sets of measure~ 
ments would have been observed only one time in 20 (the 5% level of significance), 
or one time in 100 (the 1% level of significance), if in fact the variability for the 
methods, instr uments, or observers were the same. 
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Very often in chemical operations a decision is required as to the significance of 
the difference between measured averages. For example, a change is proposed in a 
process and is installed on one unit. A difference is ohserved in an operating charac- 
teristic compared to the old average. Is the difference significant or could it be due 
to chance fluctuations? Or, a new catalyst is developed which shows an average 
difference in selectivity. Should the new material be put into production? A statistic 
termed f, developed by “Student” in 1908, the ratio of the difference between the aver- 
ages to the standard deviation of this difference, is used to answer this question. 
The ¢ test is applied to the so-called null-hypothesis (thut there is no difference between 
the tests) and indicates the probability that such a difference could have oceurred by 
chance. As with the F test, tables are available which enable the laboratory worker 
and plant operators to establish the levels of significance at which they will accept 
observations as being different. 


ANALYSIS OF VARIANCIs 

In much chemical experimentation and production many variables enter into the 
determination of a final quality characteristic. Thus, it may be desirable to deter- 
mine the influence which successive recrystallizations aud changes in purity of raw 
material have on a finished product. Tf these changes do not contribute to the vari- 
ance of the final product. then, in effect, measurements made on the product uncer 
the varying conditions are the same. Estimates may be made of the variances as- 
sociated with each of the changes and of all the measurements. These estimates of 
variance will have the same anticipated or expected value if there is no effect from the 
variable under consideration. The # test may be used to judge whether or not devia- 
tions from the expected value are significant, and the amount of variability due to 
each of the factors may then be estimated. 


EXPERIMENTAL DESIGN 

Tt is often not economical or feasible to carry out extended and replicated experi- 
ments to determine the influence of many variables on process characteristies. On 
the other hand, it may be possible to investigate the effect. of several variables simul- 
taneously by arranging that each factor be tested at each level of all the others. For 
example, if we wish to examine the effect of 4 treatments (A, B, C, D) on 4 batches 
(1, 2,3, 4), in 4 reactors (Ri, Re, Rs, 24) we could design an experiment as follows (called 
a Latin Square) : 




















Bateh Ry Eee Ra Ry 
4 A | B | Cc | D 
2 |cof}pbpt|a | B 

3. | B | 4 | Di! Cc 

4 | D| ol B A 





It will be seen that each of the reactors is used only once with each treatment, 
and cach batch is used only once in each reactor. Differences between batches and 
reactors are eliminated in the design, and the following advantages are to be noted: 
(1) The whole set of data is used in estimating each effect, and thus maximum pre- 
cision is obtained. (2) Each main effect is estimated from data taken over a range of 
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each factor: Thus, any effects judged significant are likely to be true over a range of 
conditions; conclusions are therefore likely to have more validity. 

Tf some factor does not have the same efiect at different levels of another factor, a 
factor-type analysis can help to measure this discrepancy and judge its significance. 
These effecty are called interactions and are en important component of experimental 
design. 

Other arrangements aud designs are available for improving the precision and 
utility of much experimental and plant data. If, for example, the variability due to 
random factors has been established, that is, the process or test is m a state of statis- 
tieal control, it is possible to calculate the mumber of duplicate tests which must be 
run to detect a specific difference due to any systematic factor. Multiple correlation 
analysis techniques are available to isolate the effects of more than one independent 
variable from the effects of cach of the other independent variables. These techniques 
will not be discussed here, but they are widely covered in the literature cited. 


CONTROL IN PRODUCTION 


The techniques described are basic to the quality control operation no matter 
where if may be used. Other refinements and modifications of these techniques as 


Reactors Blow tanks Strippers’ Centrifuges 
{R) (8) (S) (Cc) 
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Fig. 8. Polymerization of vinyl] chloride showing points of control. (Test points, « for over-all 
product variability, y for variability between pieces of equipment, and 2 [or variability between 
batches.) ‘ : 


well as the mathematics upon which these are based are described in the literature 
cited. Methods are thus available to study and isolate assignable causes of process 
and product variation wherever they may exist in the chemical industry—in unit opera- 
tions, unit processes, or batch or continuous operations. 

There is no essential difference in statistical quality control methods applied in 
unit operations where physical changes are stressed, as compared to unit processes 
where chemical reactious are the basic differentiating factor. However, chemical 
processes are often far more sensitive to small changes in a wide range of variables 
as compared to physical processes. For this reason, such provesses appear at times to 
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be more difficult to bring into a state of control. Thus, a polymerization reaction 
which depends upon a carefully controlled temperature and mixing cycle, the purity 
and proportion of ingredients, ete., may appear to be more difficult to control than a 
filtering or grinding operation. However, the separation of the effects due to the 
variables by the types of methods described can lead to'a situation in which control 
may be achieved as easily and efficiently in the one case as in the other. Further, 
there are a great many unit operations where multiple correlation, variance analysis, 
and so forth can be utilized to isolate the effects of relevant variables. There are some 
extremely important factors which are related to wnit processes, such as yields, 
component balances, and process efficiency. Quality coutrol provides a means for 
determining those variables which have primary effects on these quantities and then 
maintatning them at optimum economical levels. 

Batch processes are fertile feldg for the application of control techniques. The 
first step in undertaking the isolation ancl control of process and product variables in a 
batch process is the technological identification of the processing steps. It is neces- 
sary to determine where aud when a batch has an identity of its own, and where it 
merges with or is influeuced by other operations. Thus, Figure 8 shows a typical 
batch process used in the polymerization of vinyl chloride. Tt will be seen that the 
batch operation begius prior to the reactors at the point where material is selected to be 
processed. Treated batches are mixed at the blow tanks and take alternate paths 
from the centrifuge ou. Care must be taken to isolate the causes for variability at 
each of these points. The control operation may well begin with the identification 
of the influence of each of the various processes on over-all product variability and 
yield. This involves the establishment of frequency distributions and control charts 
for the material at each of the process points (marked x) on Figure 8. Variability 
of each element may be reduced by examining the processes for assignable causes of 
variation, ciminating these, and noting the effect o1 the final product variability and 
yield. 

Where there are alternative paths for the material, the offect of specific units of 
the same operation may also be studied for variability and the contribution of specific 
pieces of equipment, operators, etc., may be noted. Vor example, the strip- 
pers (marked y in Figure 8) can be studied to determiue the stability characteristics 
which these units contribute to the process. 

For specific batches, the variability within a batch (as for example at the points 
marked zg on Figure 8), variability from batch to batch, and variability with time may 
be examined and put into astate of control. Within-batch variability may be caused 
by instrument errors, improper mixing, operator uegligence, etc. Batch-to-batch 
variability may stem from nonuniform raw materials; improper control of cycle tem~ 
peratures, times, pressures, etc,; or operator error associated with insufficiently con- 
trolled operating instructions. Time variability may be traced to many of the factors 
associated with shift in operating level discussed cariier. 

The use of statistical control methods as diagnostic tools to get at the roots of 
variation in this manner can lead to much improved performance in batch operations, 
which then can be maintained by the continuance of such control mechanisms at what 
have been discovered to be the critical points of the process. 

A. continuous process, such as shown in Figure 9 for the gasification of coal, pre- 
sents a set of problems somewhat different from those encountered in batch operations. 
‘Here, the causes of variation in the final product are often multifarious and not readily 
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isolable. It is often necessary to establish a set of correlations between some of the 
measurements available during the course of the operation and yield or quality 
characteristics. Of course, it is desirable that each stage be brought into a state of 
control as regards temperature, pressure, pH, etc., but the effect of these on final 
product quality may uot be primary; thus, traces of iron in a water addition stage may 
be the basic cause for variability im a product, and controlling the other variables 
closely may only have a minor effect. Therefore, a first step in control procedures in 
comlimuous operations is to determine Measurable variables correlated with final de- 
sired restilts (as for example at the points marked x in Figure 9). 

Another means for determining critical voutrol potits and assigavble cause of vari- 
ability in such operations is to take a sample (or set of samples from different units) 
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Fig. 9. Coal gasification process showing poinis of conirol. (‘Test points, « [or over-all produet 
variability, y sample withdrawn and process completed in pilot plant or laboratory, und z variations 
deliberately introduced). 


from 4 stream and complete its processing in the pilot plant or laboratory (as for ex- 
ample at the point marked y on Iigure 9). Here, complete data are kept on the proc- 
ess results and correlated with final plant quality characteristics. 

Iu some cases it may be desirable to deliberately introduce variation in the plant 
at specific pomts (as for example those marked z on Figure 9) and to perform ¢orrela- 
tioi or multiple regression analyses on the data to isolate assignable causes. From 
such data will come the means to place an operating plant into a state of control 
through the gradual elimination of these causes, aud to maintain a record of process 
characteristics so as to maintain this control through time. 

In getting a unit or plant on stream, the technical aspects of a process are usually 
worked out beforehand in research and pilot plant operations. The plant problems 
are those of determining optimum settings of protess variables for satisfactory product 
yields and quality. Control techniques, applied at the pilot plant and transitional 
stages provide a means for cutting down the length of time required for starting up, 
for setting process variables with greater assurance, and for increasing quality and 
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yield at the earliest possible time. Here, the control methods involve estimating 
the probability that a particular set of observations is a result of chance fluctuations 
rather than the verification of a hypothesis held by the operator (see description of 
Foand ¢ tests pp. 368-269). The methods are used to examine pilot. plant and 
start-up data to determine: (2) if process conditions in the pilot plant were deter- 
mined to a sufficient degree of accuracy and precision to be applied with confidence, 
(2) to what extent process conditious will tend to vary in large scale operations, 
and (3) what predictions can be made with respect to which variables will critically 
affect, product yield and quality. 

Quality control programs, properly installed can then (Z) indicate proper choice 
of instrumentation and control systems, (2) provide means for minimizing the effect 
of undesirable variability, (3) establish criteria for proper production operations, 
and (4) develop testing program for the maintenance of desired quality standards. 


Establishment of Quality Control Programs 


Organization for quality control must start at the top, but it can only be snecess- 
ful if it is accepted wholeheartedly throughout a company. Geftmg a program estab- 
lished is very often a process of education. Supervisors and workers often feel that 
what they have been doing is satisfactory and they do nat feel that any “complicated 
mathematics” can possibly point the way to the control of a process that they ‘“imder- 
stand” from a practical point of view. 

Obviously, top management must approve and encourage such a prograin if 
it is to be successful. The easiest way to obtain such approval is to prove the cost- 
saving features of a quality program. This is best done through a test program, which 
has other advantages to be discussed below. Once the test program has heen accepted, 
the next step is to get: management to understand the results. Understanding can 
only he gained by a careful use of clear examples obtained from the production proc- 
ess itself and given in simple and wnderstandable language with the assistance of well- 
devised charts. Understanding alone is not sufficient—there must also be belief. 
Management must be led to believe in the results, and then to participate in and use 
then. An appreciation that these steps are necessary will save many otherwise 
inevitable difficulties in establishing a program for quality control. The use of the 
vesults of the test program to educate (through committee meetings, conferences, 
and, in some cases, trating courses) will assure the necessary backing of management. 

The test program has additional advantages in that it gives plant perseumel the 
opportunity to get used to quality control. Mistakes of application and method 
throughout a plant can be avoided by lessons learned in this stage. Education at the 
supervisory and operator level is made much easier through the gradual application of 
quality control techniques, extending from the test program to other areas of the proc- 
eSS. 

The three major funetions of a program are (1) inspection, (2) quality control, 
and (8) quality assurance. In the chemical industry, inspection is usually a respon- 
sibility of the plant laboratory, quality control the responsibility of control per- 
sonnel on the staff of the plant manager, and quality assurance the respousibility of a 
technical director or quality manager who may he a part of, or attached to, top man- 
agement. Whatever the form of organization to achieve these functions, the results 
of a program will depend upon wholehearted cooperation throughout an enterprise. 
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Tf statistieal quality eontrol is approached in a cooperative and scientific spirit, 
the powerful tools now avuilable to establish specifications and set tolerances, to deter- 
mine operating levels and stability, and to indicate that assignable causes of variation 
ave giving difficulty iu « process will, in the long run, assure to the chemical industries 
the highest: economical quality of prochict. 
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QUARTZ, QUARTZITRE, Si0s. See Silica and silicates. 
QUARTZ GLASS. See Glass, Vol. 7, p. 184; “Vitreons silica” under Silica and silicates. 
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QUATERNARY AMMONIUM COMPOUNDS 


The designation quaternary ammonium compound applies in its strictest sense to 
nitrogen compounds of the general formula [RaN]*X~, in which four carbon atoms are 
directly linked to the nitrogen atom through covalent links and an anion is lmked to 
the nitrogen through an electrovalent bond: 


R + 
fs | x- 
hk 


These completely substituted organic compounds helong to the class known as onium 
compounds (g.v.). Heterocyclic compounds (q.v.) in which a nitrogen is linked by 
two carbon-nitrogen covalent bonds and one carbon-nitrogen double bond are also to 
be regarded as quaternary ammonium compounds (see also Pyridine; Quinelzne). 
Realization that ammonium compounds differed from amines (¢.v.), in which only 
three groups are attached to the nitro~en atom, came early in the development of 
organic chemistry. In fact, because they were first prepared froin tertiary amines 
and alkyl halides, they were thought to be easily formed complexes useful in the charac- 
terization of amines: 


RyN + RN 





> RN.RUX 


Although the existence of quaternary ammonium salts confused the understanding of 
the valence states of nitrogen, these compounds played a prominent part later in the 
elucidation of these same valence states. . 

Although quaternary ammonium salts were originally considered to be com~ 
plexes of tertiary amines, the four carbon-nitrogen bonds were shown to he cquivalent 
by preparing trimethylethylammonium ioclide from trimethylamine and ethyl iodide, 
and from dimethylethylaminue and methyl iodide. ‘Proof of the tetrahedral configura- 
tion was first provided in 1899 through the synthesis of an optically active quater- 
nary ammonium salt (18): 


CH, 
Cih=-CHOTy--—CTCetl, I 
oH 
Isolation of optically active quaternary ammonium salts is difficult since, m general, 


they undergo racemization at room temperature. This fact can be explained by their 
dissociation into optically inactive tertiary amine and alkyl halide: 


(RRR RUN |X ee R‘R’?R/YN + RVUey 


However, certain high-molecular-weight, aryl-containing quaternary ammonium salts 
in which the rate of dissociation is very slow have been resolved and the optically 
active forms found to be quite stable. 

Nitrogen compounds containing five hydrocarbon radicals have been prepared. 
Such compounds are rare and can exist only where one of the groups is capable of func- 
tioning as an anion: 


((CHa)sN1*Cl~ + (CgHs)sC “Na +t ———> [(CHs),N]*C(CoH,)3.-+ Na *Cl™ 


These compounds hydrolyze in water to give the quaternary ammonium hydroxide 
and a hydrocarbon (19). 
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Quaternary ammonium salts are best named as substituted ammonium salts, 
for example, [(CeH,)sNCH, JI, methyltriethylammonium iodide, rather than as com- 
plexes or addition compounds, (CxH;);3N.CHsI, triethylamine methiadide. (All 
alkyl groups are yormal unless otherwise indicated.) Compounds in which the quater- 
nary nitrogen is in a ring ure best named, similarly as [CsHsNCieHy;|Cl, 1-hexacdecyl- 
pyridinium clioride. Compounds (awitter ions) containing the positive quaternary 
ammonium group and a negative group on the same carbon chain, as RyN+CH:- 
COO~, have often been named as betaines (¢.v.). 


Physical Properties 
Aliphatic quaternary ammmouinm componnds are white crystalline solids, although 


those containing unsaturated higher aliphatic groups are usually obtained as viscous 
liquids. Quaternary ammonium compounds are frequently deliquescent and many 


250 


200 


50 





o 20 40 60 80 100 


WEIGHT PERCENT QUATERNARY 
AMMONIUM SALT 


Fig. 1. The system dodecylirimethylammonium chloride-water. 


A, freezing point of water; If, cutectie of water plus hydrate of the quaternary 
anmonium salt; 13, incongruent melting point of the hydrate; C, melting point 
of the anhydrous salt; region § is an isotropic liquid, region G is an isotropic gel, 
and regions M and M’ are liquid-crystalline phases. 


form solvates. Compounds of this class usually decompose when heated and there- 
fore melting points do not offer a reliable criterion of purity. 

Tn general quateruary ammonium salts are very soluble in water and polar organic 
solvents and are very insoluble in nonpolar solvents. Exceptions have been reported 
for higher aliphatic trimethylammonium chlorides which are appreciably soluble in 
chloroform; certain lower homologs form complexes with haloforms (17). Those 
compounds containing two higher aliphatic chains are soluble in both polar and non- 
polar solvents. 
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Higher aliphatic quaternary ammonium salts are sometimes referred to as invert 
soaps and, indeed, resemble soaps (¢.v.) in the formation of complex aqueous systems 
contaiming gels and liquid-crystalline phases. Figure 1 is a simplified representation 
of the system dodecyltrimethylammonium chloride-water (4). The diagram has been 
‘simplified by omitting the curves representing an unstable polymorph. These salts 
are surface-active colloidal electrolytes which form aggregates in solution. These 
ageregates or micelles are formed as a result of the hydrophilic nature of the ammonium 
group together with the hydrophobic nature of the hydrocarbon chain. The micelle 
is assumed. to be made up of molecules with polar groups oriented toward the surround- 
ing aqueous solution, The concentration at which micelle formation begins ts termed 
the critical concentration for micelle formation and is a measure of the tendency for a 
specific compound to leave solution. This tendency is an important factor in surface 
activity. 

The critical concentration for micelle formation can be estimated by several meth- 
ods. A plot of electrical conductance versus concentration of colloidal electrolyte 
shows an abrupt change in slope in the region in which micelle formation begins. 
This technique has been widely employed in the determination of critical concentra- 
tion. 

Cationic surface-active agents (q.v.), of which the higher aliphatic quaternary 
ammonium salts are an important class, are readily adsorbed by surfaces. This 
property has been attributed to the fact that, most surfaces are negatively charged and 
therefore have a tendency toward interaction with positive ious. Most of the uses of 
these chemicals depend upon this property of surface adsorption. 


Reactions 


Quaternary ammonium salts are converted to the corresponding hydroxides by 
treatment with silver oxide or alcoholic potassium hydroxide, or through the use of . 
ion-exchange resins, Attempts to isolate the free base generally result in spontaneous 
decomposition. 

Quaternary ammonium compounds behave as strong electrolytes and in dilute 
solution are completely ionizecl. The hydroxides are strong bases in contrast to am- 
monium hydroxide and its mono-, di-, and trialkyl derivatives, which are weal bases. 

Quaternary ammonium salts are, in general, sensitive to heat. Not only do they 
dissociate, as mentioned earlier, into tertiary amine and alkyl halide even at room 
temperature, but they also undergo irreversible decompositions into olefins and tertiary 
amines. Decompositions of quaternary ammonium compounds can be expressed by 
the following equations: 


[RCH,CH,N(B")JX ———> RCH=CH) + (RN + HX (1) 
[RN |x ———> RsN + RX (2) 


where X is any anion (halide, OH-,OR~). Both reactions may proceed simultane- 
ously and both may follow either first- or second-order kinetics (10). The course of 
the decomposition is determined by the nature of the substituent groups. A highly 
polarizable 6-hydrogen will favor reaction (1); a strongly basic anion (OH or OR) 
will favor a second-order decomposition, generally of reaction (1). Accurate generali- 
ties are not possible. However, where possible, ethylene or trimethylamine will be 
one of the products. In the decomposition of quaternary ammonium hydroxides, 
that olefin will be formed which will contain the smallest number of alkyl groups (3). 
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A series of reactions first described by Hofmann and referred to as exhaustive 
methylation (see also Vol. 1, p. 710) bas been applied in the determination of the 
structure of alkaloids and cyclic nitrogen compounds, The following series of reac- 
tions illustrates the application of this process to coniine (2-propylpiperidine) : 





CH Cle ee 
Lo oN heut ' 1 OMst 
CH CH: 4. eur ct, CH, Jou cu ty, 2 oer 
aes ! ; —TO ! | 2. Ap) 
CyIT cont CH, 2 AgO | OCH CH, CELCH CH, 
\ NU 4 
N N 
“ vA \ 
tr ity ONL GH, CH; 


heat 
[Cay CH==CUCICHaCHLN(CH,): JOH —~> CFbCH=CHCH,CH=CH: + (CHs)N 
Quaternary ammonium salts which contain benzyl, allyl, or other groups having 
negative proups on the carbon atom alpha to the nitrogen atom, readily cleave 
when subjected to conditions of catalytic hydrogenation (1). In the case of tri- 
methylbenzylammonium chloride the products are toliene and. trimothylammonium 
chloride: 


Ha 
[CoH yCITN(CH,),]Cl ———> C,H,CH3 + [HN(CT,)3]Cl 


The higher aliphatic quaternary ammonium salts react with proteins (¢.v.) under 
a variety of conditions, in a, mamer typical of all surface-active colloidal electrolytes, 
to cause precipitation, redispersion, denaturation, aud complex formation (15), 
Such factors as the ionic nature of the quaternary anymonium salt, the length of its 
paraffinic chain, pH, and the mass ratio of quaternary ammonium sult to protein are 
the governing variables. In general, the quaternary ammonium salts cause precipita- 
tion of protein in the pH region above the isoeleetric point of theprotcin. Thereappears 
to be an equivalence point at which maximum precipitation occurs. When the protein 
is in excess, precipitation occurs to only a fractional degree; whereas, when the surface- 
active material is in excess, redispersion occurs. Below the isoelectric point the quater- 
nary ammonium salts form complexes with proteins. In most cases of precipitation, 
redispersion, and complex formation, denaturation of. the protein takes place (7). 


Analysis 


Analytical procedures reported in the literature specific for quaternary ammonium 
compounds are largely confined in their application to the higher aliphatic derivatives. 
These procedures depend upon the reaction of the quaternary ammonium ion with 
various anionic indicators (tetrabromofluorescein, bromothymol blue, phenolsulfone- 
phthalein) to form a distinctively colored complex. This complex may be titrated with 
a standard solution of an anionic surfacc-active agent such as sodium dodecyl] sulfate. 
The end point is marked by disappearance of the distinctive color of the complex. 
The amount of complex cau algo be determined by extraction of the complex with an 
organic solvent followed by photometric determination of the color intensity. Indi- 
cator papers have been developed which are useful in the estimation of quaternary 
ammonium salts within narrow ranges. 


QUATERNARY AMMONIUM COMPOUNDS 379 


Other procedures for the analysis of higher aliphatic quatermmary ammonium salts 
have been described (11).. Qne depends upon precipitation of the quaternary am- 
monium ferricyanide from a standard solution of potassium ferricyanide. Excess 
ferricyanide is estimated iodometrically. , 

Although several of the procedures are reasonably satisfactory in the hands of an 
experienced analyst there still exists a need for a rapid and accurate method for the 
quantitative estimation of higher aliphatic quaternary ammonium salts, especially 
in concentrations helow one part per million, 

Choline (q.v.) has been detected by formation of a reinerkate, [(CH,),;NC.H,OH ]* 
[Cr(NH,).(SCN),]~. This reaction appears to be general for all quaternary am- 
monium compounds and can be used as the basis for both qualitative aud quantitative 
determinations, 


Preparation 


Quaternary ammonium salts are commonly produced by the alkylation of the 
tertiary amines, a reaction which was first applied in 1851 to the preparation of tetra- 
ethylammonium iodide. Among the alkylating agents frequently employed are alkyl 
halides, sulfates, and sulfonates. Salts prepared from methyl iodide are gometimes 
described as the methiodides of the tertiary bases. Such derivatives have been widely 
used in the characterization of amines and cyclic nitrogen compounds. Reaction of 
tertiary amines with dimethyl sulfate yields quaternary ammonium methyl sulfates 
(“methosulfates”) since only one of the methyl groups is available: 


Pyridinium, quinolinium, and like salts are prepared in the same mainer as other 
quaternary ammonium salts since the parent heterocyclic compounds are tertiary 
amines. 

Quaternary ammonium salts may be prepared directly from primary or secondary 
amines if the reaction is carried out in the presence of alkali (see also Fatty acids, 
Vol. 6, pp. 226, 227). Omission of the alkali results in the formation of mixtures of 
primary, secondary, tertiary, and quaternary ammonium salts (see also Alkylation, 
Vol. 1, p. 542; Ethylamines, Vol. 5, p. 878; Jfethylamines, Vol. 9, p. 66). 

The reaction of tertiary amines with alkyl] halides is bimolecular. A number of 
factors, including steric effects, the basicity of the amine, the reactivity of the halide, 
and the polarity of the solvent, influence the rate of reaction. Polar solvents promote 
the reaction by stabilizing the ionic products (18). The following data illustrate the 
effect of solvent on the pyridine-ethyl iodide reactiou. (9): 

Solvent Benzene Iithanol Methanol Acetone Nitrobenzene 
Relative rate L t.4 2.5 12.8 25.0 


Quaternary ammonium salts containing 2-hydroxyethyl groups may be pre- 
pared by the reaction of amine galts with ethylene oxide: 


[RN Hg ICI -+ 3 CHs-—CH, ~——> [RN(CH:CH20H)s/Cl 
No” 
Where secondary or tertiary amine salts are employed, two or one hydroxyethyl 
group is introduced, respectively. Other alkylene oxides will lead to the formation 
of substituted hydroxyethyl quaternary ammonium salts 1). Reaction of aqueous 
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ainiue solutions with alkylene oxides results in the production of quaternary anunouium 
hydroxides (20). Choline, a biologically important substance, has been synthesized 
in this way (see also Vol. 5, p. 910): 


(C¥ygN - HoO + Clf_—ClH, —~—> [(CHy)NCERCHLON OT 
QO 


Biological Properties 


The quaternary anmmonium groups play an extremely important role in the living 
process. Two components of the vitamin B complex coutain a quaternary nitrogen 
atom. Vitamin B, (thiamine, aneurin) is a heterocyclic compound containing a thia- 
zolium ring and comprises a part of the enzyme carboxylase which participates in 
varbohydrate metabolism. Choline is involved in “transmethylation reactions” 
and is important m fat metabolism. The acetic acid ester of choline, acetylcholine, 
[(CH:)3;NCH.CH,OOCCH, JOH, is the chemical substance which is involved in the 
transmission of nerve impulses. 

Three general types of physiological action are attributed to quaternary am- 
monn compounds: curare action, muscarinic-nieotinic action, and gangla-blocking 
action (5). The active constituents of curere, an alkaloid mixture isolated from 
a tropical plant, contain quaternary ammonium groups. This substance is capable 
of producing muscular paralysis without affecting the central nervous system or the 
heart. Therapeutic use of curare has been made through its ability to induee muscular 
relaxation during surgery. Several disadvantages which attend the use of curare have 
led to the investigation of a large number of quaternary ammonnm compounds im an 
effort to develop a more satisfactory drug. Aduscarinic action, direct stimulation of 
smooth muscles, and nicotinic action, a primary transient stimulation and a secondary 
persistent depression of all sympathetic and parasympathetic ganglia, are observed 
in varying degrees with many quaternary ammonium compounds. These effects must 
be considered in proposing compounds for clinical study. Ganglia-blocking action 
is manifested by paralysis resulting from interruption of nerve impulses at the ganglia 
{see also Alealoids, Vol. 1, pp. 489-90; Anesthetics, Vol. 1, p. 912; Antispasmodics, 
Vol. 2, p. 107; Stimulants and depressants). 

Lower aliphatic quaternary ammonium salts have been proposed in the treatment 
of peptic ulcers. 

The bactericidal activity of quaternary ammonium salts derived from hexamethyl- 
enctetramine was reported in 1916. Not until 1935 was this property of the higher 
aliphatic salts observed. Since this time very large numbers of quaternary ammonium 
salts have been investigated with respect to their germicidal or fungicidal properties. 
These salts inchide a wide variety of aliphatic, aromatic, and heterocyclic types (11). 
All such compounds are surface active. Studies of the relation of structure to bacteri- 
cidal activity (6,16) have indicated that length of the higher aliphatic chain, total 
number of carbon atoms, ring substitution in phenyl-containing compounds, and charge 
density on the nitrogen atom are all significant factors. In general, a higher aliphatic 
chain length of sixteen to eighteen carbon atoms appears to be optimum for, high 
bactericidal activity although this will vary with the compound and with the organism. 
Quaternary ammonium compounds are usually less effective against gram-negative 
organisms. The nature of the anion does not greatly influence the activity of the com- 
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pound except in those instances where decreased. sohthility is found (see also Antz- 
seplics (survey), Vol. 2, p. 88). 

Quaternary ammonium salis exert both a bacteriostatic and a bactericidal effect. 
This fact has not been recognized im much of the work appearmg in the literature and 
conclusions drawn from such work may be invalid. More recent techniques Involving 
the use of neutralizers allow differentiation between bactericidal and bacteriostatic 
activity (12). 

The mechanism of the antibacterial action of quaternary ammonium salts has 
been the subject of considerable speculation. This action is assimmed to be related 
to the surface-active properties of the compounds. A direct relation between bacteri- 
cidal activity and eritieal coucentration for micelle formation has been reported (6). 
Interaction of the quaternary ammonium salt with the protein of the cell membrane or 
with enzymes involved in the metabolic processes of the organism may be responsible 
for inhibiting or killing action. Sinee both actions are observed it is possible that two 
different mechanisms are involved in microorganism—-cquaternary ammonium salt 
interaction. Release of phosphorus- and nitrogen-containing substances and of 
electrolytes has been shown to result from this interaction, 

Pharmacological and toxicological studies of certain higher aliphatic quaternary 
ammonium salts have indicated that these compounds are inuecuous in the con- 
centrations required for germicidal effectiveness (3). 


Uses 


Commercially available quaternary ammonium salts are listed in Table I. With 
few exceptions these products are cither surface-active agents or pharmaceuticals. 

A vaviety of surface-active quaternary ammouium salts are conumercially avail- 
able for germicidal use (11). Probably most attention has been focused on the alkyl- 
dimethylbenzylammonium chlorides and of these the mixture im which the alkyl groups 
are derived from coconut oil fatty acids. This mixture has high germicidal activity 
and good solubility characteristics. Jt is generally obtained as a viscous sirup but 
is usually marketed as an aqueous concentrate. 

Quaternary ammonium compounds have been found effective as amebacides 
(sec Vol. 1, p. 666). 

Surgical uses of quaternary ammonium germicides include both instrument and 
tissue sterilization. Numerous reports of the effective sterilization of surgieal and 
dental instruments with these salts are found in the literature. Concentrations rang- 
ing from 0.03 to 1.0 per cent are employed. Instrument corrosion may be reduced 
by addition of sodium nitrite to the solution. 

Treatment of phlebotomy ueedles with certain quaternary ammonium salts and 
other cationic surface-active chemicals markedly decreases the tendency for hlood to 
clot in the bore of the needle. 

Conflicting reports are to be found in the literature regarding the use of quater- 
nary ammonium salts in preoperative skin sterilization (11). In general, the findings 
were favorable. Wound and fissue irrigation has been reported using dihttions of 
from 1: 1000 to 1:20,000. 

Quaternary ammonium salts have been widely used in the disinfection of eating 
utensils. Their use is permitted in the food-processing industry provided the equip- 
ment js thoroughly rinsed afterwards. The relative merits of quaternary ammonium 
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1 


17 


18 


20 





Alkenyldimethylet hylam- 
monium bromide 


Alkenyltrimethylaimo- 
nium chloriee 

Alkylbenzyldimethylani- 
moni chloride 


Ablyl-(3,4-diehlorobenzyl)- 
dimethylammontum eblo- 
tide -- alkenyldimethyl- 
eiyonts bromide 

8:1 


Alkyldimethyl(dimethyl- 
benzylammonium chio- 
rida 

Alkyldimethyl(ethylhen- 
zylammonium chloride 

(Alkyltalylmethy) tri- 
methylammonium chlo- 
ride 

Alkyltrimethylammonium 
chloride 

Ronzyldimethylphenylem- 
monium ¢hloride 

Benazyldimethyl-( 2- (2- 
(m-wethyl-p-1,1,3,3- 
tetramethylbutylphe- 
noxy)ethoxy Jethy])am- 
monium chloride mono- 
hydrate 

Benzyidimethyl- \2-[2-(p- 

1,3,4-tetramethylbutyl- 
phgnoxysethoxy Jethy!}- 
ammonium chloride 

Dialkyldimethylammonium 
bromide 


Dialkyldimethylamtuonium 
chloride 

Dintkyldimethylammonium 
ehloride 

2-Dodecyligoquinolinium 
bromide (laurylisoquino- 
liniuin bromide) 


Dodecyltrimethylammo- 
nium chloride 
J-Hexadecylpyridinium 
chloride (cetylpyridinium 
ehloride} 
Tlexadecyltrimethylam- 
monium chloride 
Octadecyltrimethylam- 
monium chloride 


Thiamine (ancurine, vitamin 
Be Betnbion) hydrochlo- 
rida 


(2-Avetoxypropyl) tri- 
methylammonitim bro- 
mide (methacholine bro« 
mide) 
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TABLE I. C ‘ommercially Available 


Porm ula 


" Sunface- active ‘agents 








[RN (GUs) Cul ls] BE 
IRN (CMa) C1 


[R[ CoHsClt2} N(CHa)2]C1 


CL r 
Eco _ Dotty N(CHs}2 [CL -b (RN(Clfa)eCyl ls] Be 
[RECOM peCollaClts) N(CIEa)2)} CL 


(R ColfaCellyC He] NCCHa)a1 C1 
[CT R(C Ua) Cn aC He} NCC Ufa) a] CL 
[RN (CH) 3]C1 
[UsHsCieN(CHaetiehts!C1 


Chali and 
sal Ta5 
Cully, and 
Chw Flag 
Calli to 

CTI 


Calli to 
Cyp Har. 
Cip-Cro 


Calli to 
Chala 


CaTfiz te 
18137 
Cota to 
Cis Mar 


CaHu to 
Cra Har 


OH 
« r Len my my 1 4 4 ms ma . 
) (GHCOMC (CLE POCERCTROCIRGMs ( N(CUaCIRCals [CLHO 
_# 


[ (CHCCHCUDK ——_ OCHCHOCICHs N(CHD-CHHCett | ClO 


[ReN(CHs)2] Br 
[RaN(CHa)2]C1 
[RaN(CH))2]Ct 


SS 


[Cis HasN (Cada ] Cl 


[ < Han S| ran 


(CustIsaN (CHa) ]CL 
[Cis larN(C Ha) a} Cl 


Pharmaceuticals 


Ny 8 
eel Jee ( omoron cL 
2 
Fy cu 
\¥o 2 N 3 


(CInCOOCH(C Hy) CO2N(CNs)a] Br 





Cali to 
31a Haz 
CisHaa_ and - 
aot 


QUATERNARY AMMONIUM COMPOUNDS 


Quaternary Ammonium Salts. 


38o 











Av. 
mol. Trade name Rerommender 
No. wt or trade mark Commercial form use® Supplier’ 
Surface-active agents 
I 401.2 Onyxide 75% 75% in isopropy!] aleohol H,5 17 
2 342.7 Arquad § 50% in isopropyl alevhvl H,L 4 
3 350.2 Zephiran chloride 12.8% aqueous solution B 23 
. Roceal 10% aqueous solution H 28 
367 BIC 50% aqueous solution H V7 
354.8 Bionol A cone. 50% aqueous solution H 3 
4 Tetrosan 60% 608% aqueous solution BH 7 
5 3878.87 BTC 927 508% aqueous solution H 17 
6 378.87 BYC 471 50% = aqueous — solution; fT 17 
82.5% alcohol solution 
7 $831 Hyamine 2889 5096 aqueous solution Ik 19 
8 274.72 Arquad ¢ 50% in isopropyl aleocho HG 4 
9 247.76 Leuvotrope 0 White powder (essentinlly T 3 
100%) 
10) 480.11 HWynamine 10-X White erystals u 19 
11 466.09 Phemerol chloride 1; 500 and 1; 1000 tinctures BL 18 
Tlyaruine 1622 Whige crystals H 19 
12 Isothan DL-1 75% wleohol solution FIN Vv 
13 440.05 Arquad 2¢ 75% in isopropyl alcohol £,1,J,L,T t 
Lt 469.64 Arquad 2HT 75% in isopropyl alechol I,M,V 4 
15 378.39 Trothan Q-14 20% aqueous solution J 7 
1 268.99 Arquad 12 50% in isopropyl aleohal 13% 4 
17° 339.98 Ceepryn chloride 1:200 and 1:500 tinctures B 15 
18 819.90 Arquad 16 50% iu isopropyl alcohol H 4 
19 848.04 Arquad 18 50% in isopropyl alcohol CLH,V 4 
Pharmaceuticals 
20 387.27 Powder a 1,9,10,12,14, 
15,16,18, 
21 
21 240.15 Mecholyl bromide Tablets P It 
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Var rule 





22 (2-Acetoxypropyl) tei- 
methylammaonituu ehle- 
ride (methacholine ehlo- 
ride) 

(2- Carbamoyloxyethy! tri- 
methylamimonituy chla- 
ride (eholine chloride ear- 
bamate) 

(2-Carbatnoyloxyprapy)) tri- 
methylammonitun chlo~ 
ride (g-methyleholine 
ehloride carbarmute) 

Decamethylenebis[tri- 
methylaminonium bro- 
mide] (deeamethonium 
bromide) 

1-Renzyl-3-(diuethylear- 
bamoyloxy) pyridinium 
bromide (bengpyrinium 
bromide) 


26 


PFurfurylirimnethylammoni- 
um iodide (furtrethonium 
iudide) 


28 Hexainethylenehis(tri- 
methylammonium bro- 
mide) (hexamethonium 


bromide) 

[m-(Dimethylearbamoyloxy)- 
phenyl |trimethylaminani- 
um bromide (neostigmins 
bromide) 


30) [m-(Dimethylearbamoyloxy)- 
pheny! |trimethylammoni- 
wn methyl sulfate (neo- 


stigmine methyt anne 


Tetraethylammoniun ehlo- 
vi 


1,2,3- Tris(2- triethylam-~ 
moniumethoxy) benzene 
triiodide [(eic-phonenyltris- 
(oxyethylene) ] tris [tri- 
ethylammonitun iodide ]) 


33) Dimethyltubocurarine 


iodide 


84 Tomatropine methyl bro- 
mide 


Pharmaceu tiealss (continued) 





[CMsC:O OC H(CHa) CHAN (CHs)s] Cl 
INTEACOOC HeCHeN (CTTa)a]Cl 
[NIRCOOCH (CHa) C HeN(C Ma)aJ Cl 


((CTDs)sN(C Ha) io N(C Ha)3] Bra 


kk 


Te N(CH 
7 ( »|: 


(CCH) N(CH) aN{CHa al 


I. 


ye OOCN(CHn)2 [SOuC Ha 


( HyCuF 


PoOeN (Gls): 


N(GIG)s 


C 
| 


Vv 


[ 


[(CaHsaNICl 


Lo CHeC HyN(CaFla)y 


Cp octac Hines Ha)a [ly 


OOCN (CHa), 


N¢CiUla)a 


‘SOCIIgC Hy N (Cz Es)a 


Kan 





Tht fie fod an -s 
a » Lo Me \ és 
\ Sas 
C 1 So GQ? 
# ahs ‘ #4hg 
CHO NG cua me cH 





@it-G H-—— -CHy 
N(CHa)2 CHOOC—CHOslIs 
U---—— CHs OH 


Br 
S Hy 


iT a 





23 
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32 


30 


34 370.20 





195.60 


182.65 


195.60 


490.37 


337.22 


2608.13 


362.21 


303,20 


334.380 


165.7 


891.56 
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Trade nunie 





Recommended 





Noyatrin (8) 
Sethyl (10) 








or trade mark Commercial form use? 
Pharmaceuticals (rontinued) 

Mecholyl chloride Powder P 

Carhachol Crystais Pr 

Urecholine chloride 0.4% solution; tahlets P 

Syneurine 0.1% acueaus solution QO 

Stigmonene bromide 1:2000 salutian P 

Vurmethide 0.5%, udueous solution; P 
tablets 

Bistrium 4.474% aqueous solution K 

Prostigmine bromide Tablets P 

Prostigmine methyl 1:2000 and 1:4000 srue- Pr 

sulfate ous solutions 

Etamon chloride 10%, aqueous solution K 

Flaxedil 1e) 

Metubine iodide 0.1 and 0,005% solutions Oo 
in isotonic saline 

Meagopin (9) Tablets; 0.05% elixir Oo 


Supper? 


Lt 


1d 


14 


22 


20 


YW 


11,16 


18 
12 


18 


6,9,10 





_ Continued 


386 QUATERNARY AMMONI UM COMPOUNDS 


TABLE I. Commercially Available 








No, Compound Yormula Rn 





Pharmaceuticals (continwed) 








35 Tubocurarina rhloride ¢_S 
So =~ 
Ih CHa \ HO OCH: 
- 4 A Thy “Nene 
N Lf é Sy 
_ eS Cheb DO 
4 7 Th — 
f ve 7 \ 
CH.0 ss / nd = OH 
oO Hox 2 
| NS Z 
86 2-Allcyl-1-(2-hydroxyethyl)- N—C Ly UWigher alkyl 
imidazolinium chloride ma CRY = lower 
R--G alkyl groups 
MN Ch (2) 
N-~—-CHs 
4 
HOGIRCII: R! 
Misrellaneaus 
87 Benzyltrimethylammonium — [ CeHsCteN(C1Ts)3] C1 
chloride 
38 Benzyltrimethylammonium [CellsCllaN(C Ha)sJOIT 
hydroxide 


39 (2-Hydroxyethyl)trimethyl- [IIOCHa2CH2N(CHa)aJ [COs 


amimonitin bicarbonate 








“A Alkalino catalyst ® Lt Abbott Laboratories 
B Antiseptic 2 Alrosa Chenticala Ca, 
> Antistatic agent 3) Antara Chemicals 
D = Gellulose solvent 4 Armour and Co. 
It Corrosion inhibitor & Burroughs Wellcome & Co, 
VY Cutting oi! preservative G Campbell Pharmaceutical Co, 
G Dietary factor 7 Chemical Development Corp. 
H Disinfectant 8 Commercial Solvents Corp. 
TL Eimulsifier 9 Endo Products, Ine. 
I Tungicide 10) Harrower Laboratory, Inc. 
KK Ganglionie blocking agent 11) Hoffmann-Ia Roche, Inv. 


salts and chlorine disinfectants (chlorine, hypochlorite, chloramine T, etc.) have been 
the subject of some controversy. Both classes of materials have advantages and both 
have disadvantages. Quaternary ammonium salts ate relatively nonirritating, arc 
free from odor, and exhibit prolonged bacteriostatic activity. On the other hand, 
their activity is neutralized by anionic surface-active agents and is reduced by non- 
ionic surface-active materials, by proteins, and by high concentrations of magnesiun 
and calciua ions such as are found in hard water. 

Recovery of residual oi] from oil-bearing sandstone by flooding operations is 
seriously impeded by bacterial growth in the flood water (14). Other organisms which 
produce sulfur-containing by-products are responsible for corrosion of the steel casings. 
Both types of organisms are controlled by the use of quaternary amamouium salts in 
the flood waters with a resulting more rapid and more complete recovery of oil. The 
surface-active property of the quaternary ammonium salt is also valuable in promoting 
penetration of the pores of the sandstone. 

Quaternary ammonium salts containing either one or two higher aliphatic chains 
exhibit high fungicidal activity and have been suggested for the treatment of fungal 
infections of the skin as well as for the prevention of fungus or mold growth on leather, 
fabrics, plants, etc. (11) (see also Fungicides (agricultural), Vol. 6, p. 990). 
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Ay. 
mol, Trade name Recommended 
No, wt. or trade mark Cammereial farin usel Supptieré 
Pharmaceuticals (continued) 
35 785,74 03 and 1.57% aqucaus solu- oO 1,9,21 
tions 
36 Alro quaternaries 100% viseous oils or wax LW 2 
Miscellane 
37 185.7 GO% aqueous solution ts] 
38 167.24 35% in methanol A,D,U 7 
39 «165.88 459% aqueous solution Qh 8 
@#L Germicide 612 Lederle Laboratories Division 

M_ Grense ingredient 13 BH Lilly & Go. 

N Mothproofing agent 14. Merek & Co. 

QO Muacle relaxant 15 Ww». 58. Merrell & Co, 

P Parasympathomimetic ageut 16° 1, 8. Miller Laboratories, Ine. 

Pharmaceutical 17) Onyx OU & Chemical Co. 

RK Resin catalyst 18 Parke, Davis & Co. 

S ‘Textile antigtatic agent 19 Rehm & Haas Go. . 

T Textile assistant 20) Smith, Kline & French Laboratories 

UY Textile finisher 21 i. R. Squibb & Suns 

V Textile and paper softener 22 Win. R. Warner 

W Woater-treating agent 23 Winthrop-Stearng, Ine, 


Higher aliphatic quaternary ammonium salts are effective antistatic agents and 
are employed for this purpose in the molding of plastics and in the spinning of textile 
fibers. With the latter they also function as lubricants, The antistatic property of 
these compounds is associated with their ability to retain moisture on a surface. 
Adsorbed quaternary ammonium salts and especially those containing tiwo higher ali- 
phatic chains impart a soft “hand” to all textile materials and to paper. This property 
is also utilized in currently marketed hair rinses (see also Textile chemical specialities; 
Shampoos and other hair preparations). 

1-Stearamidomethylpyridinium chloride, [C1wH»sCONHCH,NC;Hs/Cl, prepared 
by the reaction of stearamide with pyridine (q.2.), formaldehyde, and hydrochloric acid, 
is used in the production of water-repellent fabrics. The fabric is impregnated with 
the quaternary ammonium salt; upon heating a water-repellent film is deposited 
(see also Waterproofing and water-repellent materials). 

Through au ion-exchange process quaternary ammonium complexes of bentonite 
are formed (8). These complexes are excellent gelling or thickening agents for hy- 
drocarbon oils and are used in the production of grease. ‘The beutonite complex is also 
used in printing inks, permitting more rapid operation of the presses. 

Other uses of higher aliphatic quaternary ammonium salts include the fields of 
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emulsification, corrosion inhibition, flotation (qe), and antibiotic manufacture. 
Through their ability to modify the properties of surfaces the usefulness of this class 
of compound continues to grow. 

Pharmaceuticals containmg quaternary nitrogen are largely employed Sor their 
effects upou the nervous system. These effects include parasympathomimetic and 
antispasmadic action (see Andéispasmodics; Stdémulants and depressants), 
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p-QUATERPHENYL, Cullis. See Hydrocarbons, Vol 7, p. 618. 
QUEBRACHINE, C2:HosN20;. See “Yohimbine” under Alkaloids, Vol. 1, p. 496. 
QUEBRACHITOL, C;HuOs. See Rubber, natural; Tanning materials. 
QUENCHING OILS. See Petroleum products, Vol. 10, p. 170. 

QUERCITRIN, CaHaOu. See Glycosides, Vol. 7, p. 266. 
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QUERCITRON; QUERCETIN, CisH107.H.0. See Dyes, Vol. 5, p. 352. 
QUICKLIME. See Lime and limestone. 


QUINACRINE, CosHagCIN;O. See Acridine dyes, Vol. 1, p. 172; Malaria chemotherapy, 
Vol. 8, p. 664. 


QUINALDINE, CyHyN. See Quinoline and dsoguinoline, p. 393; Quinoline dyes, p. 403. 


QUINALIZARIN, (HO):CsHo(CO)2CaH2(OH):. Sce Anthraguinone derivatives, Vol. 1, 
p. 958; Anthraquinone dyes, Vol. 1, p. 960. 


QUINAMINE, CisHoNoOs. See Alkaloids, Vol. 1, p. 485. 
QUINAZOLINE, C;Hi.N:CH.N:CH. See Alkaloids, Vol. 1, p. 500; Heterocyclic eom- 
L . a 








pounds, Vol. 7, p. 461. 
QUINHYDRONE ELECTRODE. See Hydrogen-ion concentration, Vol. 7, p. 719. 


QUINIDINE, CoHauN.,O. See Altalotds, Vol. 1, p. 485; Cardiovascular agents, Vol. 3, 
pp. 216, 218; Malaria chemotherapy, Vol. 8, p. 668. 


QUININE, CooHsNe2O2. See Alkaloids, Vol. 1, p. 484; Malaria chemotherapy, Vol. 8, pp. 
663, 673. 


QUINIZARIN, CoHu(CO):CsH2(OH)s. See Anthraquinone derivatives, Vol. 1, p. 952. 





QUINOLINE AND ISOQUINOLINE 


Quinoline (I) and isoquinoline (II) (see p. 397) are the two isomeric benzopyridines. 
They have the same relationship with pyridine (q¢.v.) that naphthalene has with ben- 


zene. 
Ns (x) Os ‘SN 
4» (8) by | 4p 
) (iI) 


QUINOLINE 


Quinoline (1-benzazine: benzo[b]pyridine) (2.2. 1024), C H,N, formula wt. 
129.15, is a heterocyclic base, comparable to naphthalene with a methine group re- 
placed by —N=. Quinoline derivatives are used as medicinals and as dyes, and many 
alkaloids are derivatives of quinoline. See Vol. 1, p. 483. 

The name quinoline was adopted after Hofmann bad shown that leukol from erude 
tar bases and chinolein from drastic alkaline distillation of quinine were the same. 
The determination of its structure is based on methods of synthesis and degradation. 
The benzene ring of quinoline is destroyed by strong oxidizing agents with the forma- 
tion of 2,3-pyridinedicarboxylic acid (quinolinic acid). The numbering of positions 
in the structural formula is shown im (1). 


Physical and Chemical Properties 


PHYSICAL PROPERTIES 
Quinoline is a colorless, highly refractive liquid with a pungent odor, It is very 
hygroscopic, is more soluble in hot than in cold water, and distils in steam. A weak 
_ tertiary base (basic ionization constant, 3.2 * 10" (26)), quinoline dissolves in 
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acids and forms characteristic salts such as the sparingly soluble dichromate, 
ICJHN.HeCreO,. Quinoline is soluble in ethyl alechol, ethyl ether, acetone, and car- 
bon disulfide. 

Quinoline hag the following constants: b.p., 287.10°C.; m.p., —15.6°C.; dy’, 
1.0978; dP, 1.0150; mj}, 1.62928; saturated vapor pressure, 2.55 mm. at 75.3°C., 
10.65 mm, at 104.3°C.; heat of fusion 19.98 cal./g. Data from heats of combustion 
give evidence for considerable resonanee in the quinoline system (54). The ultraviolet 
spectrum of quinoline (in cyclohexane) has been reported (18), The Raman spectrum 
showed the strongest Ines at 621 em.~}, 758 em.~}, and 1872 em.~! (29). 


REACTIONS 


Quinoline and quinoline derivatives show the reactions which are well known in the 
benzene (q.v.) aud pyridine (q.v.) series. See also “Derivatives,” p. 398. 

Reactions of the Benzene Nucleus. In substitution the reactive positions are 5 
and &. . 

Nitration. Quinoline nitrate, allowed to stand in strong sulfuric acid for an hour 
withont heat, yields a mixture of 5- and 8-nitroquinolines. Hot nitric acid yields 5,7- 
or 6,8-dinitroquinoline. Nitrationus with nitrogen dioxide (carbon clioxide as a diluent) 
give the 7-nitro derivative at 95-100°C,, and at temperatures of 155~160°C, give the 
5,7-cinitroquinoline (44), The nitro groups of the quinoline nucleus can be reduced to 
amino groups, which may be converted to hydroxyl groups through diazotization. 

Sulfonation, With concentrated sulfuric acid at 230°C, substitution occurs at 
C-5 with a shift to C-6 at 300°C. With fuming sulfuric acid at 130°C., sulfonation 
oceurs chiefly in positions 5 and 8 with some substitution ut C-7. 

Oxidation. With alkaline permanganate, or with boiling concentrated sulfuric 
acid in the presence of selenium dioxide, quinoline is converted to quinolinie acid 
(2,3-pyridinedicarboxylic acid), which can be decarboxylated to uicotinic acid (¢.v.). 
Oxidation with hypochlorous acid produces carbostyril (2-quinolinol or 2(172)-quino- 
lone). 

Reactions of the Pyridine Nucleus. In general these are the same reactions as 
those discussed under Pyridine. Substituents in the 2- and 4-positions of both pyridine 
and. quinoline exhibit enhanced reactivity. 

Amination in the 2- and 4-positions oceurs with sodium amide or potassium amide 
when xylene, toluene, or dimethylaiiline is the solvent (43). Bergstrom (5) obtained 
2-aminoquinoline in an 80% yield when quinoline was treated with barium amide in 
liquid ammonia at room temperature. The preparation of the aminoqninolines by the 
action of ammonia on the correspouding chloroquinolives occurs readily in molten 
phenol. 

Halogenation. Chlorine or bromine {ts intracuced at the 3-position on heating at 
160°C. with sulfur dichloride, or at 200°C. with sulfur and bromine. Sec also “Halo- 
quinolines,”’ p. 395. 

Oxidation, ‘he tertiary nitrogen of quinoline may be converted to the N-oxide 
(la) by the action of peroxyacetic, monoperoxy phthalic, or peroxybenzoic acid. The 
N-oxide is also obtained by dissolving quinoline in acetic acid in the presence of 30% 
hydrogen peroxide und heating at 50°C, for 24 hr. Quinoline-N-oxide is chlorinated 
with sulfuryl chloride to good yields of 2- and 4-chloroquinolines; for the chlorination 
of substituted quinoline-N-oxides a better reagent, is phosphorus oxychloride. 
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Manufacture and Synthesis 


PRODUCTION FROM COAL TAR 


Quinoline is isolated from suitable coal-tar distillates which have an appreciable 
concentration of oils boiling in the range 285-40°C. In general, the tar hases are ex- 
tracted with dilute sulfuric acid, liberated on making the sulfate solution alkaline, and 
recovered from the aqueous layer by decantation or steam distillation, A further 
refining process includes fractional distillation. For the market, refined quinoline of 
95-97% purity is described with a maximum distillation range of 2° between 235 and 
238°C. (sp.gr. at 15.5°C., 1.092-98), Currently the process of recovery is competitive 
with the synthetic process (28). See also Tar and pitch. 

In the cruder fractions of tar bases (distilling at 230-51°C.), carlier investigators 
identified isoquinoline, 2-methylquinoline, and 4-methylquinoline. Jantzen (24) 
carried out studies of carefully controlled fractional distillation and refractionation 
of 30 kg. of such crude tar base (b.p. 230-265°C.); he found in addition to quinoline 
and isoquinoline, small or trace amounts of all the possible isomeric monomethyl- 
quinolines. Jantzen also isolated 2,8-dimethylquinoline, as well as homologs of 
isoquinoline. Both refined and semirefined isoquinoline and refined. quinaldine are 
separated from tar distillates and quoted as market items; methods for isolation of 
these fractions are noted below (see pp. 394, 397) (61,62). 


SYNTHESIS OF QUINOLINE AND QUINOLINE DIERIVATIVES 


Skraup Synthesis (Quinoline and Derivatives). In the Skraup synthesis (cqua- 
tion 1) an aromatic amine, glycerol, sulfuric acid, and an oxidizing ngent such as nitro- 
benzene are heated together, Glycerol is a source of acrolein, CH): CHCHO, which 
condenses with aniline or other aromatic amine used. In addition 10 the Skraup 
reagents, the use of ferrous sulfate and boric acid, arsenic pentoxide, or other 
ratalysts has been recommended; Manske ect al. (88) consider the use of acetylated 
amines advantageous in some cases, The gradual addition of sulfuric acid and the 
reduction of pressure to 15-20 mm., as described by Strukoy (45), are valuable modifi- 
cations, 


CH.OH 
b oH HSO, — 

NH, + ‘a CsHsNOz “Z a) 
CH,OH N 


Débner-Miller Synthesis (Derivatives Substituted in the Pyridine Nucleus). 
When an aromatic amine is heated for several hours with 2 moles of an aldehyde (or 
with an aldehyde and a ketone combination) in the presence of concentrated hydro- 
chloric acid, quinoline homologs are formed (equation 2). Apparently the two alde- 
hyde molecules combine as in an aldol condensation to form a @-hydroxy aldehyde, 
which is converted into an a,G-unsaturated aldehyde. Reaction with the arylamine 
occurs, and then ring closure. Recently the use of ketones such as 4-hydroxy-2- 
pentanone (34) or methyl vinyl ketone (3-buten-2-one) and its precursors (10) has 
been developed. 


HO “Ss 
or -++ 2CH;CHO — Seon +2H,0+ H, @) 
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Conrad-Limbach Synthesis (4-Substituted Derivatives). Quinolines substituted 
in the 4-position by OH, Cl, NH, etc., are conveniently prepared by condensations 
involving 8-kelo esters or B-diketones. Aniline and ethyl acetoacetate condense at 
30-60°C. to form ethyl f-anilinocrotonate, which is cyclized to 2-methyl-4(14)- 
quinolone. 

4-Substituted quinolines with the 2~position free are obtained by the method of 
Price and Roberts (37) (equation 3). Aniline and ethoxymethylenemalonic diethyl 
ester (LID are condensed at room temperature or at 50-55°C.; the intermediate ethyl 
B-anilino-e-carbethoxyacrylate (IV) may be isolated, and subsequently subjected to 
thermal cyclization. For direct quinoline formation the reactants are added to di- 
phenyl ether at room temperature and the reaction mixture is heated to 250°C. with 
distillation of ethy] alcohol during cyclization. The resultant ethyl 4-hydroxy-3- 
quinolinecarboxylate (V) is hydrolyzed, and the acid is decarboxylated wider reduced 
pressure (240°C. in diphenyl ether) to form 4-hydroxyquinoline (VI). Applications of 
this synthesis have beeti reported hy Riegel ed ad. (40). 





COOG.H, COOC:H, COQOC.He 
CO f po G~COOCH, __. Ch HOCOOC:H, 
NE ou,07 en — 
(III) 
(IV) (3) 
On OH 
conore™ ee 
— > 
N7 N* 
{V) (Vd) 


Knorr (Carbostyril Derivatives). The factors which govern the course of the 
condensation of a 6-keto ester, such as ethyl acctoacetate, with an aromatic amine 
have been studied by Hauser and Reynolds (22), At refluxing temperatures, ethyl 
acetoacetate reacts with aniline to form an anilide; ring closure to form 4-methyl-2- 
hydroxyquinoline (4-methylearbostiyril) is best accomplished by gradual addition of the 
anilide to cold concentrated sulfuric acid, with subsequent gradual heating to 100°C. 

Friedlander. The Friedlander synthesis (equation 4) permits a wide choice of the 
groups R, R’, and R” in addition to possible substituents in the henzene ring. An 
o-aminoaroyl compound is condensed with a carbonyl compound containing an e- 
methylene group. Thus aldehydes, ketones, ketonic esters, acids, and nitriles may be 


utilized. 
| R 
OD + fs OO 
+ | py _— ” (4) 
NH, o7o—R NO R 
The Pyiteinger reaction is an extension of the above reaction with the utilization of 
isatic acid ((o-aminophenyl)glyoxylic acid) derived from isatin. 
Miscellaneous. Quinoline is obtained from quinolinecarboxylie acids by loss of 
carhon dioxide at the melting point or by heating the acid with lime. Tetrahydro- 
quinoline may be converted to quinoline by heating in the presence of a catalyst or by 
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the action of mild oxidizing agents. Methylindole when heated with a catalyst wnder- 
goes ring expansion to form quinoline. 

4-Hydroxy-N-methyl-2-quinolone (4-nydroxy-l-methylearbostyril), a dye inter- 
mediate, is produced by refluxing N-methylanthranilic acid with acetic acid and acetic 
anhydride for 12 hours (ref. 51, Vol. 1, p. 147). Tetrahydroquinoline derivatives re- 
sult from the condensation of appropriate amines with epichlorohydrin (56,57). 


Economic Aspects 


The production and sale of quinoline for 1948 to 1950 and the production of quin- 
aldine for 1950 to 1952 are given below. 














Quinoline Snles ~ Quinaldinc 
Production, Quantity, Value, Unit value, Production, 
1000 Ib. 1000 Ib. 31000 B/Lb. 1000 ib. 
1948 1029 838 494: 0.54 1950 23 
1949 395 —_ —_ a 1951 24 


1950 782 781 375 Q.48 1952 44 





The price of quinoline in May, 1953 was 51¢/Ib. 


Derivatives 
Alkylquinolines. The melting and boiling pomts of some alkylquinolines and 
characteristic derivatives are given in Table IT (86). 


TABLE I. Physical Properties of Some Alkylquinolines. 








Quinoline substituents M.p., °C. B.p., °C, Common derivative M.p., °C. 
2-Methyl —2 ta —1 240-247 Picrate LoL 
3-Methy] 16-17 259.6 Pierate 187 
4-Methyl 9-10 258-260 Picrate 208 
5-Methyl 19 « QBs Picrate 218 
6-Methy] —22 258.6 Pierate 229) 
7-Methy! 39 257.6 Picrate 237 
8-Methyl — 247.8 Pierate 200 
2-lithy] a 256.6 Picrate 146-147 
4+Ethyl — 271-274 Mercurie chloride 15+ 
2,3-Dimethy] 67 273261 Picrate 231 
2,4-Dimethyt —_ 27 4050 Chioroplatinate 229 
2,8-Dimethyl 23.4 25 Qu Phthaline 233 d. 
3,4-Dimethyl 65 290 z07 Chloroaurate W7 
4,6-Dimethyl] — 28054 Chioroamide 192 d. 
4,7-Dimethyl vo 283750 Chloroplatinate 227 d. 
4,8-Dimethyl _ 273451 Chloroaurate 220 d. 
5,8-Dimethy! 4-f 265736 Dichromate ‘ 149 
6,8-Dimethyl — 268-269 — —_ 
2,3,8-Trimethy] 55-6 28000 Picrate 242 d. 
2,4,8-Trimethyl 43 28045 Picrate 193 





The hydrogens of the methyl groups in guinaldine (2-methylquinoline) and lepidine 
(4-methylquinoline) are reactive and undergo a variety of condensations. With beng- 
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aldehyde, styryl derivatives are obtained; acetic anhydride is the best, condensing 
agenL with quinaldine, and zine chloride is more effective with lepidine. Condensa- 
tion of quinaldine with dimethylaminobengaldehyde has been discussed by Tipson 
(49). The a-hydrogens of 2-alkeylquinolines are readily replaced to give potassium, 
sodium, halomagnesiwn, and lithium derivatives. The alkali metal derivatives of 
quinaldine undergo alkylation, and also enter cohdensations of the Claisen type. 
Quinaldine methiodide undergoes condensation with aldehydes in the presence of as 
nuld a catalyst as piperidine. The enhanced activity of the quaternary salts of 2- 
and 4-methylquinolines is evidenced in the quinoline cyanine dyes, (See Cyanine 
dyes.) 

Alkylguinolines are encountered in small amounts'in turs from both low-tempera- 
ture and high-temperature carbonization of coal, and are found in the middle oil from 
liquid hydrogenation of coal, A patent (61) has been issued for the isolation of quin- 
aldine froin tar distillates through the formation of an addition complex of quinaldine 
with phenol or cresols. As indieated earlier (page 391), Jantzen succeeded in isolating 
and identifying the methylquinolines from coal tar bases and g gives characteristic con- 
stants for the methylquinolines and sulfate salts (p. 185, ref. 24). During the cracking 
of certain ernde petroleim oils from California, Venezuela, ete. (pp. 840-43, ref. 13), 
quinoline and its homologs inerease the catalysis problems by acting as catalyst poisons. 
Mills ef al. (35) have used the sorption and desorption of quinoline from silica gel 
and silica-aluniina gel at 315°C, for the study of the ‘properties of cracking catalysts. 

Quaternary Salts. As a tertiary amine, quinoline forms quaternary salts with 
wlkyl halides, sulfates, and sulfonates, (See also Quaternary anmontum. compounils.) 

1-Methylquinolininn iodide (quinoline methiodide), CoHyN(CHy)I, forms yellow crys- 
tals, m.p. 144-45°C.; the monohydrate melts at 72°C. 

The alkohalides of quinoline, quinaldine, and lepidine are the starting materials 
for the production of evanine and isocyanine dyes. Browning ef al. (7) have made an 
extensive study of anil quinolinium salts. The behavior with alkali is similar to that 
of allkylpyridininm salts; if an alkaline solution of methylquinolinium iodide is sub- 
jected to mild oxidation (electrolytic, with potassium ferricyanide, or air) N-methyl- 
2-quinolone is produced. ‘he reaction of methylquinolinium iodide with aqueous 
potassium cyanide gives rive to 1-methyl--cyano-~l ,4-dihydroquinoline, from which 4- 
cyanoquinolone (cinchoninonitrile) can be prepared by oxidation with iodine and subse- 
quent heating at 200°C. in a medium such as ethyl herizoate (1). 

Hydroquinolines. Under selected conditions (zine dust and hydrochloric acid or 
electrolytic reduction) reduction of quinoline or its homologs may stop at the addition of 
one mole of hydrogen; however, 1,2-dihydroquinolines readily undergo polymerization. 
Dihydroquinaldine in the dimeric form melts at 178°C. Mild catalytic hydrogenation 
gives 1,2,3,4-tetrahydroquinolines; these behave like secondary aliphatic-aromatic 
amines. Quinolines alltylated in the pyridine nuclens give some 5,6,7,8-tetrahydro- 
quinoline on reduction. On total hydrogenation by the method of Sabatier or with 
platinum and hydrogen in glacial acetic acid, cis- and trans-decahydroquinolines are 
obtained; these have the properties of an aliphatic secondary amine. Tetrahydro- 
quinoline derivatives can also be obtained by direct synthesis (see p. 398). 

Hydroxyquinolines(Quinolinols). Like 2- and 4-hydroxypyridines (sec p. 282), 2- 
and 4-hydroxyquinolines show properties of both enol and keto forms and hence are 
also called 2(1H)- and 4(171)-quinolones. Fring and Steck (14) and Huisgen (23) 
have found evidence for the quinolone structure in studies by ultraviolet radiation. 
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These compounds are commonly prepared by certain of the general methods for the 
synthesis of quinolines (Conrad-Limbach and Knorr). Carbostyril (2-quinolinol or 
2({/7)-quinolone), m.p. 199-200°C., is insoluble in ammonium hydroxide but soluble 
un sadtum hydroxide. Tt gives no color reaction with ferrie chloride. 


SS SS 
ny OF N 6) 
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&-Hydroryquinoline (8-quinolinol), m.p. 75-6°C., h.p. 267°C., can be prepared 
by sulfonation of quinoline with oleum and fusion of the salt with sodium hydroxide at 
225°C. (86), or from 8-chlorequinoline by hydrolysis with caustic in the presence of 
copper oxide, or a Skraup synthesis may be carried owt with o-nitrophenol, o-amino- 

phenol, glycerol, and sulfuric acid. 8-Quinolinol is effective as an external anti- 
septic, and on sulfonation and iodination provides the amebacidal drug, chiniofon 
(7-iodo-8-hydroxyquinoline-5-sulfonie acid). The structure of 8-quinolinal permits 
chelation of the 8-hydroxyl group with the nuclear nitrogen and the formation of 
metallic chelates (see Vol. 1, p. 875). 

Copper 8-quinolinate, (CSHsNO)sCu. The chelated salt, which is yellow-green, 
odorless, and almost insoluble in water, shows superior fungicidal activity in the pro~ 
tective treatment of textiles and paints. The salt is comparatively nontoxic to humans, 
but will completely inhibit mold growth in laboratory media at a concentration of 
1-2 p.p.m. Methods for dispersion of the copper chelate in water with an emulsifier, 
and for solubilizing in mineral spirits and in vegetable oils involve treatment with a 
metallic soap such as an aluminum or zine stearate (64,65). 

Haloquinolines. 2- and 4-Chloroquinolines are prepared from the corresponding 
hydroxyquinolines by the action of phosphorus oxychloride (and phosphorus penta- 
chloride), and have the unique properties shown by the corresponding halopyridines. 
Treatment of quinoline-N-oxide with sulfuryl ehloride or with phosphorus oxychloride 
provides another method of obtaining 4-chloroquinclines and small amounts of 2- 
chloroquinolines. 2- and 4-Quinolinethiols have been prepared from the halides by 
reaction with potassium hydrosulfide or thiourea (ref, 13, pp. 122,185). Numerous 
other reactions of 2- and 4-chloroquinolines with nucleophilic reagents occur readily; 
see also reference (48). , 

A suecessful method for commercial production (25,37) of 4,7-dichloroquinoline 
(n.p, 85°, lachrymatory and irritating to the skin) utilizes the action of formic acid on 
m-chloroaniline to produce m-chloroformanilide; further condensation with m-chloro- 
aniline hydrochloride gives the forminide @n-CIC,Hs,NHCH=NC;H.ClLm). On treat- 
ment with diethyl malonate the formimide is converted to an intermediate (m-ClCeHu- 
NHCH=C(COOC2Hs)2), which promptly cyclizes to ethyl 4-hydroxy-7-chloro-8- 
quinolinecarboxylate. After saponification, the decarboxylation and treatment with 
phosphorus oxychloride are carried out in Dowtherm. 4,7-Dichloroquinoline is an 
important intermediate in the synthesis of antimalarials such as chloroquine and 
almodiaquin (Camoquin). 

Aminoquinolines. 3-Aminoquinoline is best prepared by replacement of the 
bromine in 3-bromoquinoline by the use of a complex of copper sulfate with ammonia 
(ref. 13, p. 162), . 

. 4-Aminoquinolines. In the antimalarial program, a large series of 4-alkylamino- 
quinolines (ref. 8, pp. 791-801) was made by reaction of appropriate amines with the 
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desired 4-chloroquinoline, often through the intermediate phenoxy derivative. These 
products include chloroquine and amodiaquin (sce Vol. 8, p. 666), Trypanocidal 
activity hag been shown by Surfen C (containing two quinoline groups combined with 
melamine) and analogs (rel. 8, pp. 847-49; ref. 42, pp. 205-96), 

8-Aminoguinolines. A large mumber of 6-methoxy-8-dialkylaminoalkylamino- 
quinolines were synthesized for study as antimalarials, inchiding pamaquine and pri- 
maquine (8,42). (See also Vol. 8, p. 668.) The general procedure is reduction of the 
8-nitro group to an amine. Alkylation of the 8-amino compound is carried out with 
the selected. alkyl halide, or the intermediate bromoalkylphthalimide may be used as 
analkylating agent. 

Aldehydes, Ketones, and Acids. 2- and 4-Quinolinecarboxaldehydes (quinaldalde- 
hyde and ecinchoninaldchyde, respectively) are most conveniently prepared hy oxida- 
tion of the corresponding methyl derivatives with fresh selenituin dioxide (88) in hot 
xylene, Quinaldaldehyde oxime forms chelated metal compounds and therefore has 
cis configuration (46). The aldehydes condense with aromatic amines, nitromethane, 
or active methylene groups; they also undergo a benzoin condensation, Ketones are 
prepared by treating the aldehyde with diazocthauc and other diazoalkanes (9). 
Carboxylic acids ave olytained by chroinie ov chromic-sulfurie acid oxidation of methyl 
groups. Hydrolysis of cyano groups gives rise to carboxylic acids. Conversion of 
2- and 4-methylquinolines to styryl derivatives and subsequent cleavage of the double 
bond is also practical. Decarboxylation of 2-quinolinecarboxylie acid (quinaldinic 
acid) and of 4-quinolinecarboxylie acid (cinchoninie acid) occurs readily. 

Biguinolines, (CoH~N),, and their derivatives, are generally obtained by applica- 
tion of standard quinoline syntheses to bifunctional molecules, or by the application of 
the Ullmann synthesis. 

Benzoquinolines. Benzoquinoline nuclei characterize certain alkaloids (52): 
benzo[f]quinoline in the ergot alkaloids (see Vol. 1, p. 497); benzolg}quinoline in a 
pigment from fungi; and benzo[h]quinoline in the chclidonine-sanguinarine group of 
alkaloids (see Vol. 1, p. 498). The structures are designated as azaphenanthrenes and 
azaanthracenes in the German patent literature. 


Uses 


Quinoline derivatives are the parent substances of quinine and other plant alka- 
loids (see Alkaloids) and of synthetic medicinals: for example, local anesthetics 
(dibueaine, 2-butoxy-N-(2-diethylaminoethyl)cinchoninamide-—see Vol. 1, p. 911), 
antimalarials (4- and 8-aminoquinoline derivatives, 4-quinolinemethanols—see Vol. 8, 
pp. 666, 668, 674), and amebacides (q.2.) (hydroxyquinolines and their halogenated 
derivatives). In veterinary medicine in the tropies (42) Surfens and Antrycide (4- 
amino-6-(2-amino-fi-methyl-4-pyrimidylamino)quinaldine 1,1’-dimethochloride) have 
been effective in the treatment of trypanosome infections in cattle, The utiliza- 
tion of the copper derivative of 8-quinolinol as a mildew-proofing agent, and further 
utilization of the fungicidal properties of such chelates, may provide a cousiderable 
commercial outlet for quinoline (see Vol. 6, pp. 989, 992). 8-Quinolinol is used in the 
analysis and separation of metallic ions. Some substituted quinolines are also used in 
perfumes (see Vol. 10, p. 37). 

The oxidation of quinoline affords a source of nicotinic acid (q¢.v.), which is used 
as 4 supplement in human and animal nutrition; however, in this field quinoline must 
meet competition from allylpyridines (see Pyridine). 
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Quinoline cyanine dyes were among the first materials developed as agents for 
sensitizing photographic plates for color photography (see Cyanine dyes). For fabric 
dyes, quinaldine aud other quinoline derivatives serve as intermediates in the prepa- 
ration of quinoline dyes (q.2.). 

Quinoline and isoquinoline are strong collectors of tale and serve some uses as 
flotation ageuts. In the dephenolization of waste liquors from the carbonization of 
coal (22a), both the Holley-Mott and the Lowenstein-Lom processes take advantage 
of the favorable effects of additions of aromatic nitrogenous bases, such as quinoline 
and isoquinoline, on the distribution coefficient in liquid-liquid extraction of phenols. 


ISOQUINOLINE 


Tsoquinoline (II) (2-benzazine; benzo[c}pyridine, leucoline) (R.I. 1025), CoH.N, 
formula wt. 129.15, is a heterocyclic compound formed by the fusion of a benzene and a 
pyridine ring with nitrogen in the 2-position. The structure is assigned on the basis of 
synthesis and degradation studies. On treatment with alkaline permanganate, iso- 
quinoline is oxidized te phthalic acid and cinchomeronic acid (3,4-pyridinedicarboxylic 
acid). 

The isoquinoline uucleus is found in plant alkaloids in the group of opium bases, 
such as papaverine, narcotine, apomorphine. (See Vol. 1, pp. 491, 492, 510.) In 
small amounts isocuinoline occurs in products from the hydrogenation of coal and in 
coal tar (28). Isoquinoline can be isolated from the coal tar by preparing hydrogeu 
sulfate salts (CoH7N.HSO,H) from the mixed bases of the fraction boiling at 236-43°C. 
After repeated crystallization from 88% aleohol, the salt fraction (melting at 205° C.) 
is decomposed to liberate isoquinoline. A patented method (60) removes isoquinoline 
as a complex with calcium chloride. More recently, Kjellman (62) has patented a 
procedure for separating isoquinoline from a crude fraction, melting at 8-12°C. The 
batch is cooled to approximately —2°C. and centrifuged to separate solid isoquinoline. 
In one operation an isoquinoline melting above 20°C. can be obtained int 40-50% 
yield. Purification by repeated freezing and centrifuging yields an isoquinoline, 
m.p. 24-25°C. 


Physical and Chemical Properties 
PHYSICAL PROPERTIES 


Isoquinoline has an odor resembling that of benzaldehyde, is a stronger base than 
quinoline, and reacts vigorously with alky] halides to form quaternary salts. The basic 
ionization constant of isoquinoline is 2 x 107? (26). It clissolves 2 moles of water at 
10°C., is very slightly soluble in water at normal temperatures, and distils with steam. 
Isoquinoline dissolves readily in ethyl alcohol, ethyl ether, and the majority of organic. 
solvents. Isoquinoline pierate (CeHaN.CyH;N,07) melts at 224-25°C,; 2-methyliso- 
quinolintum iodide monohydrate melts at 159°C. , 

Freiser and Glowacki (17) have described a very careful purification of isoquino- 
line and report the following physical properties: f.p., 26.48 + 0.1°C.; b.p., 248.25°C.; 
adT/dp, 0.059°; di°, 1.09101; di”, 1.038540; viscosity, 3.2528 centipoises at 30°C., 
1.0230 at 100°C.; nf, 1.62078; heat of fusion, 1.34 kg.-cal./mole (3); heat of combus- 
tion, 1123 kg.-cal./mole (8). . 

The ultraviolet spectrum of isoquinoline (in cyclohexane) has been determined 
(18). Freiser and Glowacki (17) alsa show the absorption curve of isoquinoline in 
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cyclohexane and list maxima at 266, 304, 312, aud 318 1mm. The Raman spectrum 
(29) showed the strongest lines at 507 em.7', 528 em.~!, 782 em.7t, 1087 em.—!, and 
1381 em.7. 


REACTIONS 

Nutration of isoquinoline in fuming sulfuric acid yields 5- or 8-nitroisoquiuolines, or 
a mixture of these. Sudfonadion results in a mixture, which ean be separated through 
the bariwn salts, clmdnation by the action of sodium amide in neutral solvents gives 
Lamineisoquinoline; by diagolization L-aminoisoquinoline is converted to isocarho- 
styril Cl-isoquinolinol). Oxidation of isoquinoline with peroxy acids yields the N- 
oxide, which is also prepared by the condensation of homophthalaldehyde and hydrox- 
ylamine (12). Oxidation with alkaline permanganate, or with hot concentrated sul- 
Furie acid in the presence of selenium compounds, gives cinchomeronic acid (3,4- 
pyridinedicarboxylic acid). 


Synthesis of Isoquinoline and Derivatives 


Synthetic procedures for the preparation of isoquinolines ure important iu establish- 
ing the constitution of alkaloids. The first three methods listed below have been pre- 
sented in detail (19,20,53). 

The Bischler-Napieralski reaction (equation 5) (with initial formation of 3,4- 
dihydroisoquinolines) consists of the ring closure of 2-arylethylamides by heating with 

. phosphorus pentoxide or anhydrous aine chloride in boiling toluene, xylene, or tetra- 
hydronaphthalene, Yields are greatly improved in the Pictet-Gams and Mannich 
modifications; the starting material, » 2-hydroxy-2-phenylethylamide (that is, an 
N-acylated (aininomnethyl)phenylearbinol) or its methyl ether, is converted to a 
2-urylvinylamide, and isoquinolines are prepared direvily, Cyclization is aided 
by the presence of an alkoxy group meta to the ethylamide substituent, 


_ ih 
“Ge ‘ + H,O 
——_» 
oc NH 2205 aN , (6) 
5 OH, 
CH, 


In the Pictet-Spengler synthesis (cquation 6) tetrahydroisoquinolines are prepared 
through the condensation of a 2-arylethylamine with a carbonyl compound. Formal 
and methylal are the most common carbonyl compounds, The 2-arylethylamine is 
heated with a slight excess of aldehyde nud considerable excess of 20-30% hydrochloric 
acid at 100°C. for 24-6 hr.; or the intermediate azomethine may be prepared. initially. 
As in the Bischler-Napieralski reaction, the ortho position involved in ring closure is 
almost invariably the one activated by an alkoxy or hydroxy group para to this posi- 
tion of closure. Of great biological interest is the condensation of 2-arylethylamines 
with aldehydes and pyruvic acid (ucetylformic acid) in buffered solutions under so- 
called physiological conditions. 


H H ; 
C. ral 


RO “OH: ~H0 RO “CH: ual RO 
1 RICHO ———» I —> 
Cy nu, + OH RO ZN RO wa ( 
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The Pomeranz-Fritsch synthesis (equation 7) permits the preparation of iso- 
quinolines with substituent groups mm the benzene nucleus in an orientation difficult to 
obtain by the preceding methods. A Schilf base is formed by the reaction of an aro- 
matic aldehyde with an amino acetal (2,2-diethoxyethylamine); the resultant benzal- 
amino acetal is cyclized in the presence of sulfuric acid, or of sulfuric acid combined with 
gaseous hydrogen chloride, acetic acid, or phosphorus oxychloride, In the Schlittler 
and Miiller modification, the condensation of benzylamine with glyoxal hemiacetal 
(41) is used, as in the synthesis of I-substituted isoquinolines (equation 7a). 


HC(OC.H,)s HC(OCHs), 
bu a, a “| 4 20H0H 
CHO + j 2 ZN LN 2d 5 
NH; g 
HO(OC,H,): 

H HO(OCsH,): ~ m0 CHE Sp scun0H 
C—NH, + CHO HUN aN uu (7a) 
| Cc 4 
R R 


Synthesis of Hydroxyisoquinolines. In isocoumarins (1H~2-henzopyran-1- 
ones) the oxygen of the lactone linkage cau be replaced by an NH-— group through the 
action of cold aqueous ammonia (equation 8). 1-Hydroxyisoquinoline (1-isoquino- 
linol, 1(24)-isoquinolone, isocarbostyril, m.p. 208°C.) is prepared in this way. 


1 
OH 
No SN 
\_ tNHOH ——> + H,0 (8) 
2UH 
G 
H 


1,8,(@H,4H)-[soquinolinedione (8-oxoisocarbostyril, homophthalimide), used in 
dyes, is obtained in excellent yield by heating the diammonium salt of homophthalic 
acid (59). Aminoalkylphthalides undergo rearrangement to form 1-hydroxy-3-alkyl- 
isoquinoline derivatives (50): 


0 i 
I C. OH 
CN OH- NH W804 Sy 
\e) _—> d ———— (9) 
é_cuax CHR AR 
CH—CHRNH, CHOH 
Derivatives 


Alkylisoquinolines. Both 1-methyl- and 3-methylisoquinoline, and 1,3-dimethy! 
isoquinoline, have been isolated in small amounts from coal-tar crudes (p. 133, ref. 24), 
The 1-methyl and the 3-methyl substituents ortho to the ring nitrogen might be ex- 
pected to possess enhanced reactivity. 1-Methylisoquinoline resembles e-picoline in 
behavior more than does 3-methylisoquinoline. Both 1- and 3-methylisoquinolines 
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call be oxidized to the isoquinolinecarboxaldehycdes by the action of selenitmn dioxide 
(47). Both L-styryl- and 3-styrylisoquinoline are formed by reaction with benzalde- 
hyde in the presence of zine chloride; however, the yield of 3-styrylisoquinoline is 
quite low, and higher temperatures as well as longer heating intervals are required. 

Quaternary Salts. 1-Methylisoquinoline methiodide condenses readily to form 
a cyanine type of dye whereas the corresponding 3-methyl compound shows no such 
reaction. Fisher and Hamer (16,21) reported cyanine dyes with an isoquinoline nu- 
elous; the dyes were nonsensitizing and the formulas appeared nonplanar. 

With sodium hydroxide, isoquinolinium salts form unstable isoquinolimn hydrox- 
ides, which subsequently rearrange to l-hydroxydihydroisoquinolines. The latter are 
oxidized to 2-alkyl-1-isoquinoloies by alkaline potassium ferricyanide solution. 

Hydreisoquinelines. The hydroisoquinolines are prepared by direct, synthesis or 
by reduction of isoquinolines. Catalytic dehydrogenation can also be earried out. 
3,4-Dihydroisoquinoline is related to the alkaloids hydrastine and cotarnine, while 
1,2,8,4-tetrahydroisoqitinoline is the parent substance of laudanosine (see Alhkaloids). 
Exhaustive methylation of tetrahydroisoquinoline leads to opening of the ring. 
Decahydroisoquinoline is abtained as the cis form, hp. 97-98°C, ati 15 mm, (hydro- 
ebloride salt, m.p. 176°C.) and as the trans form, bp. 81-83°C. at 12 mm. (hydro- 
chloride salt, m.p, 216°C,), 

Hydroxyisoquinolines (Isoquinolinols). Hydroxyl groups in the benzene nuclous 
undergo the characteristic reactions of aromatic phenols. The use of 7-hydroxyiso- 
quinoline in the synthesis of homomeroquinene (3-vinyl-4-piperidinepropionic acid) 
(55), which was required for the total synthesis of quinine, presents an interesting cross 
section of the reactions of isoquinoline. "The manufacture and utilization of 1,3-isoqui- 
nolinediols (69) in chromiferons monoazo dyes have heen reported (63). 

Haloisoquinolines. Generally, chloroisoquinolines are prepared from amino- 
isoquinolines by the Sandmeyer reuction, or from iscearbostyrils by treatment with 
chlorides of phosphorus; or fhe chloro substituent nay be present in the aromatic 
intermediates used im the initial synthesis, ‘The action of phosphorus oxychloride on 
isoquinoline N-oxide furnishes the {-chloro derivative in good yield. The enhanced 
reactivity of chlorine in the 1-position is shown in the reaction of sodium ethoxide with 
dichloroisoquinolines to replace only the i-chloro substituent, for example in the for- 
mation of 1-ethoxy-3-chloroisoquinoline and 1-ethoxy-3-methyl-4-chloroisoquinoline 
(ref. 20, p. 421). Another example is the preparation of 1-diethylaminoethylamino-3- 
chloroisoquinoline (ref. 20, p. 428). 4-Bromoisoquinoline is obtained by heating the 
perbromide of isoquinoline or its salts. ‘Treatment of 3-methylisoquinoline with N- 
bromosuccinimide gives side-chain bromination. 


Uses 


Much of the chemistry of isoquinolines has been developed in studies of the struc- 
ture of plant alkaloids, including papaverine, narcotine, and the berberines. Iso- 
quinoline derivatives have been patented (63) as intermediates in the preparation of 
dyes for wool and nylon fabrics. 
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QUINOLINE DYES 


Cyanine Blue, a dye derived from quinoline, was discovered by Williams in 1856, and 
was therefore among the earliest known synthetic dyes (sce Cyanine dyes) (24). Fla- 
vaniline (C.7, 803) (I) (yellow prisms, m,p. 97°C), used at one time as a yellow basic 
dye for wool and silk, was prepared in 1881 by O. Fischer and Rudolph by heating 
acetanilide with zinc ebloride (16). Its structure as 2- (p-amuinophenyl)-4-methyl- 

quinoline was proved by its subsequent synthesis from o- and p-aminoacetophenone: 


os CH; 
HC 
CO ° | ZnCl 
+ oc NH, ——~> NH, 
NU; N 
: Flavaniline 
(I) 


Flavaniline forms a yellowish-red monohydrochloride and a colorless dihydrochloride. 
The sulfonic acid derivative was formerly marketed as Flavaniline 8 (CT. 804). 

Quinoline Yellow Spirit-Soluble (C.7. 800) (VII) or quinophthalone was made by 
E. Jacobsen in 1882 by heating crude quinoline with phthalic auhydride and zinc 
chloride, and sulfonation gave Quinoline Yellow (CI. 801), an acid dye. Crude pyri- 
dine gave similar dyes (16); it was shown later that a 2-methyl group is essential for 
the reaction to take place, Quinoline Yellow and some of its derivatives are still 
employed commercially to a limited extent. The 1953 Year Book of the A.A.T.C.C, 
lists Quinoline Yellow Spirit-Soluble, Quinoline Yellow, and Quinoline Yellow KT (G.I, 
802) among the dyes manufactured in the U.S. The US, production of Quinoline 
Yellow was 51,000 lb. in 1952. The average annual I. G. Farbenindustrie sales of 
quinoline dyes during 1988-42 (4) indicate the minor importance of these dyes com- 
mercially, with the exception of Quinoline Yellow S Ex. (CLT. 801) and KT Ex. Cone. the 
average annual sales of which were 6746 and 4639 kg., respectively, 
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Quinoline Red (C.J. 805) (IT) was also prepared by Jacobsen by the inter- 
action of benzotrichloride, quinaldine (2-methylquinoline), and isoquinoline in molar 
proportions at about 120°C. in the presence of zine chloride or aluminum chloride. 





H C,li; Cl- 


Quinoline Red 
ar) 


The dye, now obsolete, was found to sensitize photographic plates to green and yellow 
light; as a busic dye on wool and silk and on tammin-mordanted cotton it gave rose-red 
shades which were fugitive to light. 

In addition to these dyes usually classed as quinoline dyes, there are a number of 
other dyes containing the quinoline nucleus that belong mostly toa the classes of 
azo dyes and triarylmethane dyes. 

For recent aceamts of quinoline derivatives and dyes see references (18,18,2-4). 


Quinophthalone and Its Derivatives 


Quinoline Yellow Spirit-Seluble (C7. 800) or quinophthalone is prepared by 
heating quinaldine with phthalic anhydride at about 220°C. (182-87°C., ref. 23). A 
diluent such as o-dichlorobenzeue may be used (40). Purification may be effected by 
dissolving in warm concentrated sulfuric acid and pouring into water, or by treatment 
with sodium ethoxide and decomposition of the sodium derivative with water. Quin- 
ophthalone crystallizes from glacial acetic acid and aleohol in golden yellow needles, 
m.p. 240°C., which sublime without decomposition. The greenish-yellow spirit- 
soluble pigment has low tinetorial power snd poor light fastness. 

The constitution of quinophthalone was investigated first by Jacobsen and 
Reimer aud then by Bibner around 1900. It breaks down to quinaldine and phthalic 
acid on heating with fuming hydrochloric acid at 240°C., and to quinaldinie and 
phthalic acids by oxidation with nitric acid. Both the 2-(2-quinolyl)-1,3-indandione 
structure (IIT) and the phthalide Gsoquinophthalone) structure (ITV) appeared to eet 


0 
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C oe 
Hc’ cuc 
N \ N 
C 
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the experimental evidence. Eibner found that (IV) was formed in the reaction at 
lower temperatures, and he suggested that it was subsequently transformed to (IIT); 
(LV) can be converted to (IIT) both by heating to about 200°C. and by the action of 
sodium ethoxide (12). Structures such as (IID, however, do not account for the 
intense yellow color of quinophthalone and of the pyridine analog (pyrophthalone, - 
Pyridine Yellow) (X11) in view of the colorless character of related°compounds such as 
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(¥) (VI) 
bromoquinophthalone (V) and 2-phenyl-1,3-indandione. Wiginger (6,25) and IXuhn 
(17) therefore proposed structure (VII) for quinophthalone. Support for structure 
(VIT) is found in the deep red color of the 2-bengylideneindandione derivative (VI). 
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(Vila) (VIIb) 
Quinoline Yellow Spirit-Soluble 


The resonance structures (VIIa) and (VITb) adequately explain the color and other 
properties of Quinoline Yellow. Quinoline Yellow forms a red sodium derivative 
with sodium ethoxide; the deepening of color arises from the resonance of the anion 
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. Pyridine Yellow 


among structures such as (VIIIa) and (VIIIb). The sodium derivative is readily 
hydrolyzed with water. When the sodium derivative is treated with dimetliy! sulfate 
in xylene at 100°C., a deep orange-yellow N-methyl derivative (IX) results; oxidation 
yields N-methyl-2-quinglone (1-methylearbostyril) (X) and phthalic acid (17), Quino- 
line Yellow forms a deep red salt with concentrated sulfuric acid or hydrobromic acid; 
this deepening of color is associated with resonance of the cation among oxonium, 
carbonium, and ammonium structures. The structure CXI) for Pyridine Yellow, 
similar to (VII), in addition to explaining the color, accounts for its high melting point — 
(290°C.) in comparison with that of 2-phenylindandione (146°C.). 

Sulfonation of Quinoline Yellow or the homolog from. 6-methylquinaldine with 
oleum at 65-115°C. gives the mono-, di-, and trisulfonie acids, which are acid colors 
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(Quinoline Yellow Ex. and Quinoline Yellow 8 Ex.) (4). The sulfonated Quinoline 
Yellows dye wool and silk in attractive pure yellow shades with poor fastness to light 
and. are alsa used for the production of lakes (see Vol. 10, p. 680). Quinoline Yellows 
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Quinoline Yellow AW 


(CI, 800 and 801) are used as drug and cosmetic colors (D. & C, Yellow No. 11 and 
No. 10) (see also Vol. 4, p. 302); the speetrophotometric determination of phthalic 
acid in the dyes has been deseribed (14). Quinoline Yellow KT (CI. 802), prepared in 
a similar manner from 6-chloroquinaldine, has better fastness to Hight. Quimoline 
Yellow AW (Supra Light) Yellow GGL) CXID is prepared (4) by condensing 3-hy- 
droxyquinaldine-4-carboxylic acid (3-hydroxy-2-methyleinchoninic arid) with phthalic 
anhydride and then sulfonating; decarboxylation takes place during the first reaction. 

3-Hydroxyquinaldine derivatives prepared in this manner have better light 
fastness than the corresponding quinaldine dyes (29). On sulfonation with 65% 
olemn at 35°C, the analog of Quinoline Yellow made from @-naphthoquinaldine (3- 
methylbenzo[f]quinoline) gives Quinoline Yellow KT Ex. Cone. (4). C-Phenyl- 
quinaldines can be prepared by condensing crotonaldehyde (q.v.) with 2- and 4-amino- 
biphenyls; by condensation with phthalic anhydride they yield quinephihalones and 
yellow dyes after sulfonation (41). 6,6’-Biquinaldine and its derivatives have been 
condensed with phthalic anhydride (89). Quinaldine reacts with naphthalic anhy- 
dride (12) and with diphenie anhydride (22) to form the corresponding quinophthal- 
ones. The quinophthalone from diphenic anhydride contains a seven-membered ring 
and, unlike the other quinophthalones, it reacts with phenylhydrazine to form an allcali- 
soluhle monophenylhydrazone. 

When heated under reduced pressure at 170-190°C., the sulfur trioxide addition 
compounds of quinophthalones give the monosulfonic acids, which have a higher 
tinctorial value than the mixture of mono- and disulfonic acids obtained by the usual 
sulfonation process. The monosulfonie acids dye wool very level yellow shades from 
an acid bath (81). 

When 38- or 5-hydroxytrimellitie anhydride in place of phthalie anhydride is con- 
densed with quinaldine, the product (as XITD) contains a chromable salicylic acid group, 
and after sulfonation gives an acid dye which can be afterchromed to a fast yellow 
shade (34). 


Azo Dyes 


. 8-Hydroxyquinoline Derivatives. Diazonium salts can be coupled with 3-, 5-, 6-, 
7-, and 8-hydroxyquinolines (9,37), but only 8-hydroxyquinoline leads to dyes of 
practical value. 8-Hydroxyquinoline (8-quinolinol, ‘“oxine’’), well known as an 
analytical reagent and as a fungicide in the form of the copper salt, is a useful inter- 
mediate for mordant azo dyes (q.v.). The ahility of the hydroxyl group in the 8-posi- 
tion to chelate with the nuclear N atom, on which its use for the detection and estima- 
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tion of various metuls is based, is responsible for the mordant dyeing properties 
of the azo dyes derived from &-hydroxyquinoline. Coupling with diazonium salts 
takes place in the 5-position, and the resultant azo dyes resemble the azoxalicylic acids 
in the nonparticipation of the azo group in the formation of the metal-dye complexes 
(24). Chrome Fast Orange G (XIV) is prepared by coupling diazotized 5-chloroani- 
line-2-sulfonic acid with 8-hydroxyquinoline in formic acid solution (4. TErganil 
Orange GGC, chromium complex of the monoazo dye from diazotized metanilic acid 
and 8-hydroxyquinoline, is suitable for leather dyeing. Metallizable disazo dyes, 
mainly bluish to yellowish red in color, obtained by coupling a diazotized aminoazo 
compound with 8-hydroxyquinoline, are applicable to cotton, rayon, wool, and leather 
(48). ‘Trisazo dyes for cotton in which the end component favoring substantivity is 
8-hydroxyquinoline and which may contain further lake-forming groups for metalliza- 
tion on the fiber have been described (386). Derivatives of 8-lydroxyquinoline have 
been suggested as color formers in photography (45). 


Cys 


(XV) 
Dispersol Yellow 8G 


(XIV) 
Chranie Fast Orange G 


2,4-Dihydroxyquinoline Derivatives. 2,4-Dilydroxyquinoline is manufactured 
(5) us the monosodium derivative by fusion of N-acctylanthranilic acid with caustic 
soda, caustic potash, and sodamide at 150-190°C, for a few hours; 2,4-dihydroxy- 
quinoline can also be prepared by the action of sodium in toluene on ethyl N-acetyl- 
anthranilate (1,7,8) or of aqueous caustic potash on N-chloroacetylisatin (15). 

Many of the earlicr yellow and orange azo dyes for cellulose acetate suffered from 
the defect of phototropism, darkening or changing in shade on exposure to light (24). 
Dispersol Yellow 8G (XV), the monoazo dye obtained by coupling diazotized auiline 
with 2,4-dibydroxyquinoline, which dyes cellulose acetute a bright lemon-yellow, is 
nonphototropic (26). 

Primazin Yellow G Ex, (Schultz 188), from diazotized sulfanilic acid and 2,4- 
dihydroxyquinoline, and Primazin Orange G, the disazo dye from diazotized 4-amino- 
azobenzene-3,4”-disulfonic acid and 2,4-dihydroxyquinoliue, are useful for lake pigments 
(4). Palatine Past Red BEN isa water-soluble chromium complex of the monoazo dye 
from diagzotized 2-amino-6-nitro-1-phenol-4-sulfonie acid and 2,4-dibydroxyquinoline; 
the complex is prepared by heating an aqueous solution of chromium sulfate and the 
dye in an autoclave at 115°C. and salting out as the sodium salt (4), Like other dyes 
of the Palatine Fast or Neolan class (24), Red BEN dyes fast shades on wool from a 
strongly acid bath containing Glauber salt and sulfuric acid. A quinoline derivative 
among the Sirius Supra dyes, a group of direct cotton dyes characterized by very high 
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fastness to light (about 6 in the 1-8 scale) (24), is Sirius Supra Brown RD (XVD, 
which has excellent discharge properties and is therefore useful in calico printing (11). 
Chrome Fast Leather Black V is a trisazo dye, prepared by coupling a tetrazotized 
mixture of benzidine and tolidine with one mole of 2,4-dihydroxyquinoline and one 
mole of the monoazo dye from H-acid acid-coupled with diazotized sulfanilic acid. 
Although 2,4-dihydroxyquinoline is not employed as a coupling component in azole 
dyeing, it is used for the preparation of yellow pigments in substance. An example is 
Permanent Yellow NCR (Lithol Fast Yellow R), for which the diazonium component 
is o-nitroaniline (4). 
4-Hydroxy-N-alkyl-2-quinclone Derivatives. Yellow monoazo dyes for cellu- 
lose acetate, which contain a 4-hydroxy-2-quinolone group (27), have good fastness 
to light, gas, and washing, and are not sublimed by steaming or hot pressing (46). 
Celliton Yellow 3GN is the monoazo dye from a diazotized mixture of o- and p- 


OH NO, 
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CH; 

(XVII) 


Celliton Yellow 5G 


nitroaniline coupled with 4-hydroxy-N-metbyl-2-quinolone (4-hydroxy-1-methyl- 
carbostyril), the latter being obtained by the action of boiling acetic acid and anhydride 
on N-methylanthranilic acid (4,5). By coupling the same quinolone intermediate with 
diazotized m-nitroaniline, the product obtained is Celliton Yellow 5G (Pr. 245) (XVID 
(4). 4-Hydroxy-N-methy!-2-quinolone and analogous compounds are useful couplers 
in diazotype prints (47). 
1,2,8,4-Tetrahydroquinoline _ Derivatives. 1,2,3,4-Tetrahydroquinoline and its 
derivatives couple in the benzene ring para to the nitrogen; the azo dyes not con- 
taining sulfonic groups are suitable for application to cellulose acetate (32). With a 
given diazonium component a tetrahydroquinoline clerivative gives a dye of much 
deeper color than the corresponding N-alkylaniline. Celliton Discharge Blue FFR 
(Celliton Blue 2RF) and Celliton Discharge Blue BG are prepared by coupling di- 
azotized 6-bromo-2,4-dinitroaniline with CXVIII) and (XTX), respectively; Celliton 
Discharge Blue 8G is from diazotized 2-chloro-4-nitroaniline and (XX). Coupling 
diagotized 2-amino-G-methoxybenzothiazole with (XX) yields Gelliton Discharge Blue 
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5G (Pr. 419). The tetrahydroquinoline derivatives CXVITI, XIX, and XX) are pre- 
pared by condensing the appropriate amines (for example, 1-amino-5-naphthol for XX) 
with epichlorohydrin (33). oO 
Tetrahydroquinoline derivatives, such as N-(trifluoromethy])tetrahydroquindline 
(44), are among the numerous heterocyclic intermediates for cellulose acetate dyes 
mentioned in the patent literature. The water-soluble red dye (XXI) is a celltilose 
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acetate dye of the Solacet type 85). Water-soluble dyes for cellulose acetate can also 
he produced by coupling diazonium salts with 2,4-dihydroxyquinolinesulfonic acids 


(30). 
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Aminoquinoline Derivatives. Aminoquinolines, in which the amino group is in 
the 5-, 6-, 7-, or 8-position, couple with diazoninm salts in the same positions as the 
naphthylamines. 4-Aminoquinoline does not couple, while 3-aminoquinoline gives a 
small yield of the 4-arylazo compound; 2-aminoquiuoline gives a small yield of the 
diazoamino derivative (19). The use of 5- and 8-aminoquinolines as end or middle 
components for metallizable dyes has been suggested (28). The 3-, 5-, 6-, 7-, and 8- 
aminoquinolines can be diagzotized and coupled. Such dyes have not attained com- 
mercial importance, partly because of the unfavorable effect of the basie quinoline 
nucleus on light fastness. 

The condensation of 8-aminoquinoline with CXXID gives a metachrome or 
afterchrome brown with a light fastness of 6-7 on the 1-8 seale (8). 

The products of the condensation of tetrahydroquinoline derivatives with chloro- 
nitrobenzenes are nitro dyes for wool, silk, and acetate rayon (42). 


Triaryimethane Dyes 


Tripherylmethane cyes (¢.v.) of the rosolic acid (aurin) series (24) acquire mor- 
dant dyeing properties when one or more salicylic acid groups are present, and such 
dyes, for example Chrome Violet (CLI, 727), are specially useful for calico printing. 
Triarylmethane dyes containing 8-hydroxyquinoline in place of sulieylic acid groups 
for metallization have been described; thus the leuco compound obtained by con- 
densing two moles of 8-hydroxyquinoline with oue of 4-dimethylamino-2-sulfobenz- 
aldehyde gives, after chroming, a green dye of good washing and fulling fastness on 
wool (38). 

Basic triarylmethane dyes of the Malachite Green type have been prepared by 
condensing quinoline and tetrahydroquinoline with aromatic aldehydes (21) and by 
condensing 2-quinolinecarboxaldehyde with dialkylanilines (10), Quinoline analogs of 
the phthaleins have been prepared by condensing 2,3,4-quinolinetricarboxylie acid with 
aromatic amines or phenols (10). 


Luminescent Compounds 


Tn the course of research on substances which luminesce on activation by ultra- 
violet light (“Lumogen colors’) (24), I. G. Farbenindustrie found that 4,4’-di-2- 
quinolylbiphenyl (XXTID had a blue-white fluorescence with very good light fastness 
and was probably better than any product which they were manufacturing; (XXTIT) 
was made by condensing two moles of (o-aminophenylglyoxylic (isatic) acid with one 
of 4,4’-diacetylbiphenyl (4,4'-biacetophenone) followed by decarboxylation (11). 
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10,10’-Dihydroxy-4,4’-diaza-9,9’-biphenanthrene ((6,6’-bibenzo [A ]quinoline }-5,5'-diol) 
(XIV) had good fastness to light and exhibited a greenish-yellow luminescence; it 
was prepared by a Skraup reaction on 4-amino-2-naphthalenesulfonic acid, followed by 
alkali fusion and oxidation with ferric chloride (11). 
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IX. VENKATARAMAN 


QUINOLINIC ACID, C,H;N(COOH):.. See Pyridine and pyridine bases, p. 280. 


QUINONES 


Quinones are colored dioxo derivatives of dihydroaromatie systems, the oxygen atoms 
occupying positions which are ortho and para (or their equivalents in polycyclic 
compounds) to each other. Thus, benzene forms the nucleus for two quinones, 0- 
and p-quinone {o- and y-bengoquinone) (I and IT); naphthalene for six, of which 
three are known, 1,2-, 1,4-, and 2,6-naphthoquinones (III, IV, and V); anthracene for 
eight, of which three are known (VI, VIJ, and VIII); phenanthrene for more than a 
dozen, of which only one (IX) is well known. Acenaphthene ancl chrysene, likewise, 
are each represented by only one well-known quinone CX and XI). 
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The benzoquinones, naphthoquinones, and a few other quinones will be described 
here, but not anthraquinone (VIII) (see Vol. 1, pp. 944, 947, 959; see also refs. 13,18). 
Such dioxo compounds as “camphorquinone,” which is actually a 1,2-diketone, will 
not be included. The conjugated double-bond (quinonoid ov quinoid) system charac- 
teristic of quinones can exist im many other cycle compounds which contain other 
elements (such as N, 8, C) instead of oxygen. These types are also excluded from this 
discussion except where they are used to characterize the parent compound (for ex- 
ample, oxinies and hydrazones). 

In the quinone imines (quinone monoimines and quinone diimines), also called 
quinone imides, one or both of the oxygen atoms in the carbony! groups of quinone are 
replaced by ==-NH or ==NR groups, The quinone imines are not prepared from quin- 
ones, p-benzoguinone imine, O-=CsH==NH, being prepared by the oxidation of p- 
uminophenol, and the diimine, HN=CsH,=NH, by the oxidation of p-phenylene- 
diamine (qw.). N-Aryl derivatives of quinone imines are often called anils (g.v.), 
as quinone monoantl, O==CsHi-=NOcH,, red erystals, m.p. 97°C., and quinone dianit, 
CoH, N==-C.sHi=NCeHs, m.p. 180°C. Indamine, indoaniline, and indophenol dyes 
and intermediates are derivatives of quinone imines (see Vol. 5, p. 349). 

Methylene quinones, of the type O==C;Hi-=CNb, often called quinone methides, 
are formed as intermediates in the condensation of phenols and formaldehyde to pro- 
duce resins (see Vol. 10, pp. 340-43). 

Although the simplest quinones, O—CsH.—O, are often called o- and p-quinone, 
the names o- and p-benzoquinone (in conformity with the present usage of Chemical 
Abstracts) will be used in this article to differentiate these compounds from quinones in 
general. Quinones derived from the polynuclear hydrocarbons have been named by 
C.A, in twe ways: as quinones (in the case of the better-known ones, as phenanthrene- 
quinone for the 9,10-form (IX)), and as diones (as 4,9(1H, 4a)-phenanthrenedione). 

Some quinones occur as pigments in nature, for example, 2,5-dihydroxy-3- 
n-undecyl-p-quinone (embelin), the corresponding n-tridecyl analog (rapanone), 
2,6-dimethoxy-p-quinone, 6-hydroxy-5-methoxy-p-toluquinone (Cumigatin), 3,6-di- 
hydroxy-5-methoxy-p-toluquinone (spinulosin), perezone, polyporic acid, atromentin, 
muscarufin, etc., among the benzoquinones (10); vitamin K, lawsone, juglone, plum- 
bagin, phthiocal, echinochrome A, lapachol, lomatiol, alkannin, shikonin, ete., among 
the naphthoquinones (10) (see Table IV); and certain pigments such as thelephoric 
acid (permanganate color), the tanshinones, and xylindein (green) among the phenan- 
threnequinones (9). 


Benzoquinones 


Quinoue itself (p-henzoquinone) was discovered in 1838 by Woskreseusky as an 
oxidation product of quinie acid (1,3,4,5-tetrahydroxycyclohexaneearboxylic acid). 
It is a chief oxidation product of hydroquinone (q.v.) in many applications of the 
latter. 


PROPERTIES 
Most p-benzoquinones are yellow-to-orange crystalline solids having relatively 
high sublimation pressures, and odors that are rather pungent and irritating. They 
are usually volatile with steam, whereas the o-benzoquinones are not. The latter, 
generally orauge-to-red, are usually less stable than p-benzoquinones. Table I lists 
benzoquinones and their derivatives with some properties and uses (see also p. 423). 
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Quinone 


TABLE i Benzoquinones, 





Propert rtios 





_ Use +3 





o-Benzoquinone 


p-Benzoquinone 


TImine 
Chlioroimide (N-ehloroimine) 


Dichloroimide 
(N,N?-dichlorodiimine) 
Monoxime (p-nitrosophenol) 


Dioxime 


2-Chloro- 
2,5-Dichloro- 
2,6-Dichloro- 


2,3,5,6-Tetrachlora- 
(chloranil) 


2-Nitro- 
2,5-Dihydroxy- 


2,5-Dimethoxy- 
Toluquinone (2-methy!-p-quin- 
one) 
o-Nyloquinone (2,3-dimethy-p- 
quinone) 
p-Xyloquinone (phlorone, 
dimethyl-p-quinone) 
m-Nyloquinone (2,6-dimethyl- 
p-quinone) 


2,5 


Thymoquinone (2-isopropyl-5- 
methyl-p-quinone) 
Duroquinone (2,3,5,6-tetra- 


_methyl-p-quinone) 


Usual form i is bright ved ‘plates: or 
prisms; also exists as unstable 
colorless prisms which go over Lo 
the red form at 60-70°C 


Golden yellow prisms, m.p. 116°C, 
highly volatile. 

Colorless, very reactive. 

Yellow crystals, m.p. 88°C., ex- 
plodes before boiling. 

Needles, m.p. 124°C. (dee.). 


Yellow needles, m.p. 126°C, (dee). 


Colorless or yellow needles, mp. 
240°C, (dec.}. 

M.p, 57°C. 

Mp. 161°C. 

Yellow prisms, m.p. 121°C., sub- 
limes helow 120°C, 


Yellow prisins, m.p. 
sealed tube, 


290°C, in 


Yellow, dec. at about 206°C, 

Orange yellow needles, m.p. about 
211°C Sublimes —undecom- 
posed - at 110-150°C, Forms 
phenazines with o-diamines. 

Yellow, m.p. 250°C, (dee.). 

Yellow leaflets or needles, 
69°C. 

Yellow necdles, mp. 56°C), sub- 
limes. 


Yellow erystals, mp. 125°C. 


M.p. 


Yellow needles, mip. 738°C), sub- 
limes. 

Yellow tablets, m.p. 
282°C. 

Golden yellow needles, m.p, 112°C. 


46°C., Dip. 


Limited use 4s reg sngent for 1,2- 
diamines, determination of 
cysteine. 


Oxidizing 
ugent, 


agent, tanning 


Color reactions with proteins 
and amino acids; inter- 
mediate for dyes. 


Baetericide. 
Bactericide. 
Bactericide. 


Tutermediate for direct cotton 
dyes of dioxasine series and 
for some wool dyes of the 
Helindone — class, Tnter- 
mediate for other deriva- 
tives of quinone and hydro- 
quinone. Useful for de- 
hydrogenation of bhydro- 
aromatic compounds. 





REACTIONS 


Having two carbonyl groups and two olefinic linkages which may function inde- 
pendently of each other, two independent and four dependent conjugated systems 
of four atoms each, and two long conjugated systems of six atoms each, the p-benzo- 


quinones undergo a great variety of reactions. 


Many quinones give characteristic 


color reactions with aqueous alkali and with concentrated sulfuric acid. They are 
more readily reduced and undergo addition reactions more readily than open-chain 
« B-unsaturated ketones. Though fairly stable under the proper conditions toward 


oxidizing agents, quimones can suffer destructive reaction if care is not taken. 


o- 


QUINONES 413 


Benzoquinone gives oxalic acid on warming with potassium permanganate. p- 
Benzoquinone with potassium peroxydisulfate in the presence of silver sulfate is de- 
structively oxidized to maleic acid and some fumaric acid. 

With Carbonyl Reagents. The carbonyl groups of p-henzoquinone do not always 
exhibit the normal reactions of such groups. For example, with sodium bisulfite no 
addition product forms, but sulfonation occurs on a ring carbon with reduction to the 
hydroquinone (see Table III), Cyanohydrins also do not form on reaction with 
hydrogen cyanide, but ring substitution occurs. It has been reported that the reaction 
of p-benzoquinone with nitrophenylhydrazines such as 2,4-dinitrophenylhydrazine 
is abnormal, no hydrazone being formed, but rather the 4-arylazophenol. This ap- 
pears to be a case of tautomerism betiveen the hydrazone and the azo compound, 
probably similar to the tautomerism of the monoxime of p-benzoquinone with p- 
nitrosophenol (sce also Nitro and nitroso compounds; Oximes). 


OH 
(O:N)C,H,NHNH, — 
NNHC,H;(NO,)a N=NC,HaWNO3)s 
OH 
H,NOH —= 


0 NOH N=0 


The dioxime as well as the monoxime of p-henzoquinone is readily prepared, but 
excess phenylhydrazine causes reduction to the hydroquinone. It is interesting to 
note that 1-acyl-1-phenylhydrazines give true hydrazones, which under certain condi- 
tious, however, rearrange to the O-acyl derivatives of the benzeneazophenol. Semi- 
carbazide appears also to give products having the azo structure. Amiine under 
certain conditions has been reported to yield the anil of dianilinoquinone; the chief 
products are, however, 2,5-dianilinohydroquinone and 2,5-dianilmoquinone formed 
by 1,4-addition (see p. 416). 

o-Benzoquinone can he used to recognize 1,2-diamines by the formation of quin- 
oxalines and phenazinecs Larger o-quinones are, however, more useful since they more 
generally yield crystalline products. 


oO HN. oN: 
CLotuet =O 
Oo HN SN 
The reaction of p-benzoquinone with ethyl mereaptan has been reported to 


yield, in addition to the expected 2-ethylthiohydroquinone, a 1,1-bis(ethylmercapto) 
derivative, which can be oxidized to a 8-disulfone (14). The remaining carbonyl 


C.H,§ SC.Hs C:H,0.8 S0,C.H, 


CU SH oxidn, 
| | ———— ——ie 
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group is unreactive toward hydroxylamine and semicarbazide. Phenylhydrazine 
does not form a hydrazone but reduces the system. 

Reduction. o- anc p-Benzoquinones are readily reduced im aqueous solution by 
sulfur dioxide to pyrocatechols (¢.v.) and hydroquinones (g.v.), respectively. About 
80% of the theoretical amount of hydroquinone is obtained, the remainder of the prod- 
uct being hydroquinonesulfonic acid formed by the addition of sulfurous acid to the 


rf On 


++ 2Ht +- 2e == 


OH 
oO 

quinone. Commercially, p-benzoquinone is reduced to hydroquinone by a slurry of 
iron dust in water (7). Other reducmg agents such as excess phenylhydrazine, excess 
aqueous hydroxylamine, zine dust and acetic acid, and hydrogen and catalyst have 
been used to advantage. Many of the addition reactions (see p. 416) result in simul- 
taneous reduction to the substituted hydroquinone. 

p-Benzoquinone is a very good oxidizing agent. It liberates iodine from hydriodic 
acid and is capable of oxidizing silver to silver ion, thus fiucing use in photographic 
processes (see p. 423). The reduction of quinones is a reversible process and forms 
a system such as that existing in inorganic chemistry with metals of variable valency. 
The oxidation-reduction potentials of a number of quinones have heen studied in the 
determination of aromatic characteristics, particularly in fused-ring systems (8,10). 
Some of the values are listed in Table II (8). A striking illustration of the meaning of 
these data is that a mixture of equimolecular amounts of p-benzoquinanue and 1,4- 
naphthalenediol would at equilibrium contain only one molecule of p-benzoquinone 
for approximately 10,000 molecules of 1,4-naphthoquinone (1). Ring substituents 


TABLE TI. Reduction Potentials of Quinones at 25°C. 





Normal potential, #9, volt 








Quinone Act, soln, Ale. soln, 
p~BenZOquinone..6. 6... cece cece ee eee ek bee tenets 0.699 + 0.715 
O-BenZoquinone. 6.0 cc eee ete teeta tener e eee 0.704 — 
1,4-Naphthoquinone. 2... 002 eee eee nee ene 0.470 0.484 
1,2-Naphthoquinone,... 0... cece eek eee tener entges 0.555 0.576 
2,6-Naphthoquinone..... 0... c ccc e eee taeeat a e ee eeees — 0.76 (caled.) 
1,4,5,8-Naphthodiquinone. . 0... cee eee eee — 0.972 (eatd.) 
Diphenoquinone.... 0... cece cence cece nee teen eaten eens _ 0.954 
Stilbenequinone...,....... c6. 00s Lene tee tebe ne eben eeens —_ 0,854 
9,10-Phenanthrenequinone..... 00.0.0... cece ene ce nets _ 0.460 
1,4-Phenanthrenequinone.......- 0000. cece cee ce eet eeeteeees _ 0.528 
-1,2-Phenanthrenequinone. ........ 0.66 ccc cere ena ees _— 0.660 
8,4-Phenanthrenequinone...........00.00.000000 cece eee ence ee eee — 0.621 
9,10-Anthraquinone,...... eee becca ee pee eee t ed nee tetera pea es — 0.154 
L2-Anthraquimone...0. 6. cece eee teen eee nee ganas — 0.400 
1,4-Anthraquinone........0 0.000000 ccc cece cee ee eee eevee naee — 0.401 
1,2-Benz-9,10-anthraquinone (benz[a]anthracene-7,12-dione)..,..... oo 0.228 
1,2-Benz-3,4-anthraquinone (benz[a]anthracene-5,6-dione)..........5. —_ 0,480 
1,2,5,6~Dihenz-9,10-anthraquinone (dibenz[(a,h]anthracenc-7,14-dione). aad 0.268 
§,6-Chrysonequinone (5,6-chrysenedione)......... pect ten eeeneges — 0.465 
6,12-Chrygenequinone (6,12-chrysenedione).......... sent et arenes — 0,392 
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have a significant effect on these potentials, and the course of many reactions is 
regulated hy them (see p. 416). 

During the reduction of p-benzoquinone by sulfur dioxide a green color develops 
owing to the formation of quinhydrone, CgE,O».C;H,(OH)., which has the composition 
of a molecular complex of quinone and hydroquinone (19). Quinhydrone is isolated 
from water as lustrous preen needles, m.p. 171°C., and is used to determine the pH 
of solutions which are not more alkalme than pH 8. Quinhydrones, in general, may 
be formed by mixing equimolecular amounts of a quinone and hydroquinone. The 
reactants may be closely related or may be of entirely different families. For example, 
1,4-naphthoquinone forms a quinhydrone very readily with hydroquinone. 

Substitution. Substitution of the p-benzoquinone ring without reduction 
appears to occur in only two cases, both of which probably involve free radical mech- 
anisms. The reaction with diazonium salts gives the monoarylquinones, and the re- 
action of certain polysubstituted (alkylated, hydroxylated, halogenated) p-benzo- 
quinones with acyl peroxides results in further allcylation or arylation. 


) re) 
. CH, 

+ C.H,N=NCL ————» +N: + HCl 

8) 
OH OH 
+ RCOO —> + CO; + RCOOH 
HO RCOO HO R 

O re) 


The acyl peroxide may be formed in situ by the oxidation of the fatty acid with red 
lead and a promoter. 

Additions Involving Ethylene Linkages. y-Benzoquinonc adds halogen on the 
ethylenic atoms giving, for example, p-benzoquinone 2,3-dibromide and 2,3,5,6-tetra- 


bromide: 
@) . 
- Br Br 
H H 
Br Br 
H H 
re) 


The uation of a diene to onzoquinone was one of the first-known examples 
of the diene synthesis. Hither a tetrahydronaphthoquinone may be the final product, 
or the latter may react with another molecule of butadiene to form an octahydroanthra- 
quinone. An interesting application of this synthesis is the preparation of 2-methyl- . 
1,4-naphthoquinone (vitamin K;) by the following method: 


0 Hi 0 
ceo CH, : <) CH, 
abe + heat 

H.,| O , 16) 
CH,COO 


This method apparently has little technical value. 
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Additions Involving Ethylene and Carbonyl Linkages. The addition of com- 
pounds having active hydrogen atoms appears to oecur in the 1,4-positions of the 
conjugated system of one carbonyl group and one ring double bond, the hydrogen 
attaching to the oxygen, followed by enolization: 


On 


10) 07 
x x 
JX i 
O = — 0 
O 


OW OH 


(The addition of hydrogen itself, giving unsubstituted hydroquinone, is a special cage 
of this reaction.) If the substituted hydroquinone formed has a higher oxidation 
potential than p-benzoquinone, no further reaction occws. If, on the other hand, 
its oxidation potential is lower than that of p-benzoquinone, oxidation of the product 
may occur, with the further addition of FLX, giving 2,5-substitution; the latter hydro- 
quinone may then be oxidized by p-benzoqitinone, giving as the ultimate product the 
2,5-disubstituted p-benzoquinone: 


OH 0 or 
p-benzoquinone 7x ux x 
— _ See cal 
xX 
OH O H O 
(0) 
OH c¢) 
x x 
p-benzoquinone 
x x 
OH 19) 


The reaction represented by equation (a) is effected only when X is a strong elentron- 
attracting group such as halogen and sulfo, and the reaction represented by equation 
(b) when X is a strong electron-donating group such as amino and alkoxyl. The 
over-all reaction in the latter case is: 


0 


0 OH 
OCH, 
3 + 2CH,OH inch + 2 
CH,O 
O 2) OH 


Table ITI lists examples of these reactions. 


PREPARATION 


o-Benzoquinone has little practical value and its syuthesis has not been studied 
extensively. It is prepared by the oxidation of pyrocatechol in dry ether with silver 
oxide in the presence of a dehydrating agent: (normally fused sodium sulfate). 
p-Benzoquinone is prepared commercially (7,11) by the oxidation of aniline 
(q.v.) according to the following over-all equation: 
NU, . ) 


3-10°O, . 
2 +4MnO, + 5H,80, ———» . 2| | + 4MnS0. + (H).SO, + 48,0 


TABLE IT. 1,4-Addition to Quinones. 





Quinuone 


Reactant 





n-Benzoquinone 
Chioro-p-benzoquinone 
p-Benzoquinone 


p-Benzoquinonesulfonice 
acid 
p-Benzoquinone 


p-Benzoquinone 


p-Benzoquinone 
p-Benzoquinone 


Thymoquinone (2,5-p- 
cymenedione) 


p-Benzoquinone 


p-Benzoyuinone 
p-Benzoquinone 


Hydrogen chloride 
Hydrogen chloride 
Sodium. bisulfite 
Sodium hisulfite 
Sodium thiosulfate 


Acetic anhydride (T,80,) 


Toluene (AICI) 


Benzenesulfinic acid 


Benzenesulfinie acid 


Aniline 


Acetaldehyde (sunlight) 
Hydrogen cyanide 
Mcthanol (2nCi,) 
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Product ~ 
2-Chlorohydroquinone 
2,5-Dichlorohydroquinone 
2,5-Dihydroxybenzenesulfonic acid (about 


20%), hydroquinone (about 80%) 
2,5-Dihydraxy-p-henzenedisulfonic acid 


Hydroquinonethiosulfonie acid (2,5-dihydroxy - 
thiolbenzenesulfonic acid) 
1,2,4-Triacetoxybenzene 
triacetate) 
2,5-Di-p-tolylhydroquinone 
(PhenylsulfonyDhydroquinone (2,5-dihydroxy- 
dipheny! sulfone) 
6-(Phenylsulfonyl)thymohydroquinone (2,5-di- 
hydroxy-6-isopropyl-3-methyldipheny! 
sulfone) 
2-Anilinohydroyuinone, 2,5-dianilinohydro- 
quinone, 2,5-dianilinoquinone 
2,5-Dihydroxyacetophenone 
2,3-Dicyanohydroquinone* 
2,5-Dimethoxyquinone 


(1,2,4~benzenetrio] 


p-Benzoquinone 





«The second molecule of hydrogen cyanide adds to the conjugated system involving the first 
cyano group to enter (see ref, (2)). 


After completion of the reaction the quinone is distilled with steam. The distillate 
may be passed into a reductor for conversion to hydroquinone (20,21) or may be chilled, 
the benzoquinone separating in beautiful golden-yellow needles of a purity of 99-100% 
(8,22). The manganous sulfate and ammonium sulfate are used in agricultural 
fertilizers and animal feeds. 

An older, but still widely used, commercial method of preparation involves oxica- 
tion of aniline or phenol with sodium dichromate and sulfuric acid. The vapor-phase 
oxidation of benzene itself to p-quinone is covered by several patents, though the 
method seems to be of little value. Many other oxidizing agents have been used com- 
mercially, for example, ferric chloride or sulfate on anilines. 

Substituted anilines react likewise to give the corresponding substituted quinones: 
o- or m-toluidine gives toluquinone, and p-xylidine gives p-xyloquinone. Some amines 
having a methyl group para to the amino group form quinones with elimination of the 
methyl group. For example, mesidine (2,4,6-trimethylaniline) gives 2,6-dimethyl- 
quinone. 

Anilines, p-amino phenols (q¢.v.), phenylenediamines (q.v.), hydroquinones, and 
their derivatives are frequently oxidized to the corresponding quinones in laboratory 
work (6). Useful oxidizing agents are sodium dichromate or lead dioxide with sul- 
furic acid, and sodium chlorate in very dilute sulfuric acid with a trace of vanadium 
pentoxide as catalyst (17). p-Benzoquinone itself may be the oxidizing agent and a 
great many other agents have been used, even including halogens. Jor instance, 
chloranil is prepared from crude 2,4,6-trichlorophenol by passing chlorine into a solu- 
tion of this chlorophenol in sulfuric acid monohydrate and chlorosulfonic acid at 
85-90°C. Chloranil is available as a technical grade powder, 96 per cent pure. 
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Naphthoguinones 


In addition to the three known simple naphihoquinones, 1,2-, 1,4-, and 2,6- 


(III, IV, and V), two diquinones are of Interest, the 1 


quinones (XII and XID. 


(AID 


Properties. 


pounds are volatile with steam. 


6) 


bengoquinone and likewise sublimes readily, 
Table IV lists the properties and uses of the naphthoquinones which seem to be 


important (13). 
(See also p, 423.) 


TABLE IV. Naphthoquinones, 


,2,3,4- and 1,4,5,8-naphthodi- 


(XY) 


The naphthoquinones are generally yellow and only the 1,4-com- 
14-Naphthoquinone has an odor like that of p- 


Most of the uses in the dye industry are now obsolete. 





Compound 


Propertion 





1,2-N apht hoquinone 


1,4-Naphthoquinone 


2,6-Naphthoquinane 


1 ,2,3,4-Naphthodiquinone 
1,4,6,8- Naphthadiquinane 


1,2-Naphthoquinone derivatives: 
1-Oxime (1-nitreso-2- 
naphthol) 


. -NaHS0;.2H,0 


2-Oxime (2-nitroso-1- 
naphthol) 


3-Nitro- 
3-Acetamido- 


4-Anilino- and/or 2-hydroxy- 


1,4-naphthoquinone, 4-anil . 


3,4-Dihydroxy- and/or 2,3- 
dihydroxy-1,4-naphtho- 
quinone G ve sonaphthazarin) 


Colden-yellow nevdles, mp. 15 
147°C. (dee.). Nonvyolutile 
with steam, Unstable in aque- 
ous selutions; stable in benzene. 

Yellow needles, m.p. 125°C. (after 
sublimation — and distillation, 
mp. 128,5°C.), Odor like p- 
benzoquinone, volatile with 
steam. 

Red-yellow or brick-red prisms; 
turns gray at 130-1385°C, No 
mp. reported. Stable in air, 
nonvolatile, odorless, Soluble 
with decompn. in polar organic 
solvents, 

Colorless crystals, m.p. 181°C, 

Pale yellowish crystals, dee. 
220°C, Forms oximes, 
phenazines, 


tub 


M.p, 110°C. 


Needles, 

Mp, 162~164°C. 

Crimson plates, mp. 156°6, 
Dark violet needles, m.p, 221°C, 


Red needles, dimorphous, 


may. 
244°C, and 205°C. 


Orange-red to hrown crystals, m.p, 
287°C, 


Uses 





~ Thtermedi: ate for phenaz: wines, 


Dye intermediate. Tnter- 
mediate for other naphtho- 
quinones and hydroquin- 
ones, 


Bactericide. Detection or 
determination of phenols, 
amines, as well as many in- 
organic jona, especially CO- 
balt dye (C. 

Dye (CW, 2) a i termediate 
for dyes (CLI. 88, 94, 399). 


Dye (CL. 3); analytical re~ 
agent for zirconium and 
cobalt. 

Intermediate. 

Intermediate for rosinduline 
dyes, 

Tatermediate, disulfo deriva- 
tive dyes wool _ bright 
orange. 


Mordant dye, intermediate. 
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TABLE IV. Naphthoquinones (Continued). 











Compound 


4-Sulfo- 





6-Bulfo- 


1 4-Naphthoguinone derivatives: 
1-Oxime (4-nitroso-1- 
naphthol) 
2-Methyl- (Vitamin K;) 


2-Ethyl- 


2-Phytyl- (norvitamin K,) 
2,3-Dimcthyl- 


2-MethyL3-phytyl- (vita- 
min Ki) 

2-Methyl-3-phytyl-, 
2,3-oxide 


2,3-Dichloro- 


2,3-Dibroma- 
2-Amino- 
2-Anilino- 


2-Anilino-, 4-anil and/or 4 
anilino-, 2-anil 
2,3-Dianiling- 


3-Chloro-2-(5~amino-1- 
naphthyl)- 

3-Chloro-2-piperidina- 

2-Hydroxy- (lawsone, isojug- 
Jone) 


2-Hydroxy-, 4-anil 
5-Hydroxy- (juglone) 





Properties 





Mop, 1938-194°C. 
M.p. 105-L06°C. 


Loses water at 100°C, 


Mvp. 154- 
157°C. (dee.). 


Mp. 87-88°C. 


Yellow oil. 
Mp. 126.5-127.5°C. 


Yellow otl, m.p. about — 20°C. 


Nearly colorless oil. 
¥ellow needles, m,p. 193°C. 


Yellow needles, m.p. 219-220°C. 
Brown leaflets, m.p. 206°C, 
Red needles, mp, 190-191°C, 


Red to brown erystals, m.p. 182,5- 
183°C, 
Tndigo-blue needles, rods or plates, 


Blue powder, m.p. >350°C, 


Red erystals, m,p. 62-63°C. 

Yellow needles, m.p. 192°C. (dec.); 
probably in equilibrium with 
tautomers in solution. Can be 
extracted from. leaves of Law- 
sonia inermis L. Lawsonia alba 
Lam., or Indian mehidi or 

enna. 

See under 1,2-Naphthoquinone de- 

_ rivalives. 

Yellow-red to brown-red prisms, 
mp. 153-154°C, (dec.); occurs 
in green parts of the walnut, 
especially the green shells. 
Vapor or powder causes sneezing 
and coughing. 





Sodium salt gives pink color 
with indole in chloroform 
solution (Herter’s reaction). 
Intermediate for dyes, Al- 
zurin Green anc Alizarin 
Green B (CZ. 917, 918), 
Thional Bronze (C.J. 941), 
and Brilliant Alizarin Blue 
(CI. 931). 

Also intermediate for Brilliant 
Alizarin Blue (C.J. 931); 
iron lake of oxime is Naph- 
thol Green B (C.L, 5), woal 
dye, microscopic stain, tint 
for motion picture films, 


Not a dye (in contrast. with 
the 1,2-analog). 

Has highest antihemorrhagic 
(vitamin K) activity 
known; used extensively as 
vitamin KX, substitute. 

High antihemorrhagic activ- 
ity. Commercially avail- 
able in solution or tablet 
form with glucose. 

Very weak antihemorrhagic 
activity. 

Antihemorrhagic activity. 

High antihemorrhigie aetiv- 
ity. 

1g to 3% antihemorrhagic 
activity of vilamin K3. 

Same order of antihemar- 

thagie activity as vitamin 
Na. 

Agricultural and textile fungi- 
cide, Intermediate for 
dyes. 

Intermediate. 

Intermediate. 

Gives vat dye with alkaline 
hydrosulfite; color not fast 
to washing. 

Intermediate. 


Gives a vat dye with hydro- 
sulfite, only 145 dyeing 
power of indigo. 

Vat dye. 


Dyes fibers rad, 
Henna dye, intermediate. 


Intermediate, hair dye (non- 
toxic); dyes ‘mordanted 
woal brownish yellow, un- 
mordanted wool orange- 
yellow, aluminum-mor- 
danted cotton pink. 


Continued 
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~~ Compound ; 
2-Aydruxy-3-methyl- 
(phthioco)) 


2-Hydraxy-8-(-methyl-2- 
butenyl}- (apachol) 


2-Hy droxy-8-isoumy 
(hydrolapachol) 
2-Hy droxy-3-phy ty l- 


2-Hydroxy-8-phenyl- 
5-Hydroxy-2-methy|- 
(phimbagin) 


3-Chloro-2-hy droxy- 
3-Bromo-2-hydroxy- 
2,8,6-Tribromo-5-hydroxy- 


2,3-Dihydroxy- 
5,8-Dihydroxy- (naphthaz- 


arin) (originally believed 
to he 5,6-dihydroxy-) 


2-(1-Hydroxy-4-methy]-3- 
penteny])naphthazarin 
Dextrorotatory (shikonin) 


Levorotatory (alkannin) 


Racemic (shikalkin) 


2,5,8-Trihydroxy- and/or 
tautomers (naphthopur- 
purin) 





Bright yellow to orange-yellow 
prisms, m.p, 173-174°C.; occurs 
in very small amounts in lipides 
isolated from human tubereule 
bacillus. 


Yellow prisms or plates, mp. 
139.5-140.5°C.;  oeeurs in cer 
tain woods, especially lapacho, 

Yellow needles or plates, mp. 
93,5-94.5°C, 


Yellow necdles, mp, 56.5-57.7°C, 
(eorr.). 


Yellow ta red needles, mop. 147°C. 
Yellow ot orange-yellow crystals, 
mp. 78-79°C.; oveurs chiefly in 
plumbago root. Staina skin and 
causes blisters. Las biphasic 
action on musele tissue, stimn- 
lating in small doses, paralysing 
in large. Was deep-seated 
stimulant action on contraction 
of muscular tissue of heart, in- 


testines, and uterus.  Stimu- 
lates nervous system;  stimu- 


lates secretion of sweat, uriue, 
and bile. 
Yellow needles, mip, 214-216°C, 


Yellow prisms or 
202°C, (eorr.). 
Brilliant red needles, mip, 172°C. 


scales, Lp. 


Sec under 1,2-Nuphthoguinone de- 
rivatives. 

Deep green needles with metallic 
reflex. 


Violet-brown plates, mop, 147°C, 
Oecurs as monoacety! deriv. in 
roots of Japanese shikon. 

Brown-red’ erystals, mp. 147°C, 
Occurs as ester in alkanct root, 


Brown-red needles, mep. 148°C. 
(corr.). Depresses mp. of shi- 
konin and alkannin. 

Orange-red to reddish-brown nec- 
‘dies, m.p,, 222°C, In solution 
structure is 2,5,8-trihydroxy-; 
in certain reactions, structure is 
§,6,8-trihydroxy-. 





Biological studies; bacterio- 
static effect on lubercule 
bacillus gn nttro (see Tuber- 


cnlostatie agents); — inter- 
mediate, 

Intermediate. 

Has antimalarial activity. 


(Many compounds modeled 
after this have high anti- 
malarial activity.) 
Biological studies; consider- 
able antihemorrhagic activ- 
ity. . 
Intermediate. 
Biological studies, 


Intermediate; dyes weal in 
tense red withouf mordant. 
Intermediate. 


Sodium. salt; dyes silk cham- 
pagne, wool tan eolor, cat- 
ton mardanted with tannic 
acid ceru color, 


Alizarin Black S (CLI, 1019), 


Dyes — chrome-mordanted 
wool a very fast reddish 
Diack, Hardening  syn- 
thetic  protem threads; 
microchemical determina- 
tion of certain metals; 


microscopic and histologi- 
cal techniques. 


Dye (see CLL. 1240, note), 
especially for coloration of 
fats; indicator; identifica- 
tion of many metals. 


CI. 1021; tech. bisulfite addi- 
tion product is named 
Naphthomelon SB, SBW, or 
SR. Dyes chromium-mor- 
danted wool brown and 
aluminum-mordanted cot- 


ton carmine-red. THarden- 
ing synthetic —_ protein 
threads. Dyes nuclei of 


plant calls in microscopic 
technique. 
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Reactions. The naphthoquinones are somewhat lower than the benzoquinones 
in reactivity. They seem to exhibit to somewhat greater extent the carbonyl func- 
tions and are recluced less readily (see Tuble II). While phenylhydrazine reduces 
p-benzoquinone, it reacts with 1,4-naphthoquinone to give the hydrazone or 4-ben- 
zeneazo-l-naphthol. The reduction of 1,4-naphthoquinone with sulfur dioxide is 
very slow; stannous chloride is apparently the best chemical reducing agent. 

Naphthoquinones also undergo few substitution reactions. 1,2-Naphthoquinone 
can be brominated and nitrated in the 3-position, but other substitution reactions 
characteristic of aromatic compounds have not been reported. 1,4-Naphthoquinones 
react less readily than does p-benzoquinone with diazotized aniline; however, more 
reactive diazonium salts give the characteristic 3-aryl-1,4-naphthoquinone. 'The 
alkylation of 1,4-naphthoquinones with acyl peroxides proceeds very smoothly 
(see also Vol. 10, p. 74). 

Addition reactions occur similar to those with p-benzoquinones, that is, cthylenic 
additions of halogen, Diels-Alder reactions with dienes, 1,4-additions, etc. (10). 

A quinhydrone of 1,2-nuaphthoquinone and 1,2-naphthalenediol has apparently 
not been reported. However, 1,4-naphthoquinone reacts with hydroquinone, giving 
dark green needles (ruby red transmission), m.p. 123-124°C.; with 1,4-naphthalene- 
diol, giving dark purple crystalg or bronze needles, m.p. >220°C. (dee.). 2,6-Naphtho- 
quinone reacts with its hydroxy analog to give dark blue-green needles which lose their 
color at 124-125 °C. without melting. 

Preparation. 1,2-Naphthoquinone and 1,4-naphthoquinone are prepared by the 
oxidation of the corresponding amino naphthols (g.v.) in high yield. The oxidation of 
l-amino-2-naphthol hydrochloride with ferric chloride in dilute hydrochloric acid gives 
a, 98-94% yield of 1,2-naphthoguinone, The action of potassium dichromate and sul- 
furic acid on 4-amino-l-naphthol hydrochloride gives a nearly quantitative yield of 
14-naphthoquinoue, The direct oxidation of naphthalene to 1,4-naphthoquinone 
appears to be of limited value; however, the oxidation of 2-methylnaphthalene to 
2-methyl-1,4-naphthoquinone is of great commercial importance. 2,6-Naphtho- 
quinone is prepared in rather low yield (20%) by shaking 2,6-naphthalenediol with 
dry lead dioxide in boiling anhydrous benzene. The diquinones are also formed by 
oxidation of hydroxy compounds, 1,2,3,4-Naphthodiquinone is formed in 85% 
yield by the oxidation of 2,3-dihydroxy-1,4-naphthoquinone with nitric acid in acetic 
acid, aud 1,4,5,8-naphthodiquinone in 40% yield from 5,8-dihydroxy-1,4-naphtho- 
quinone (naphthazarin) with lead tetraacetate. 


Other Quinones 


Quinones can increase in complexity by the fusion of other rings to the simple 
systems, as in naphthoquinones and phenanthrenequinones, or by extension of the 
conjugated system through substituent rings or carbon chains, as in 4,4’-dipheno- 
quinone (XIV) and 4,4/-stilbeneguinone (XV), The more complex quinones have 


OC pone 
' (XIV) (XV) 


physical properties similar to those of the simpler quinones. They have, generally, 
Jess odor and a lower volatility. Some of these quinones are listed. in Table V. 
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TABLE V. Other Quinones. 





Quinones Pra roper' ties Uses 





4,4’-Diphonoquinone (XIV) Stable form is is golden yellow, n m, np. 
165°C, = (dee); nonvolatile, 
odorless, 


4,4/-Stilbenequinone (XV) Bright red or brown needles, be- 

come colorless on heating. 

Phenanthrenequinone (LX) Orange plates, m.p. 208°C, Identification of o-tliumines, 
deteetion of thiophenes in 
toluene, intermediate for 
Flavinduline II, QO (CU. 
824). 

Acenaphthenequinone (X) Yellow needles, mp. 261°C, Intermediate for Ciba Scarlet 


(Cf. 1228) and Ciba 
Orange G (CLL. 1230). 
Cheysenequinone (t1,12-chry- 0 angered needles or plates, mp. 
senedione) (XT) 285°C 





Preparation. The quinones such as diphenoquinone and stilbencquinone are 
prepared by oxidation of the corresponding hydroxy compounds, usually by lead 
dioxide. The others in Table V are prepared by oxidation of the hydrocarbons. 

Phenanthrenequinone is formed by the oxidation of phenanthrene with potassium 
dichromate wud concentrated sulfuric acid. Trurther oxidation gives diphenic acid: 


ale why COOH Af 


Acenaphthenequinone is prepared in 40-60% yield by the oxidation of acenaphthene, 
but a considerable amount of naphthalic acid is obtained also: 


H,G—-CIil, 0=C—C=0 HOOC OOH 
OO — CO + OO 


A yield of 60% of the quinone is obtained when an aleoholie hydrogen chloride solution 
of acenaphthene is treated with ethyl nitrite and the resulting dioxime is hydrolyzed 
(4). 

Chrysenequinone likewise is prepared by the oxidation of chrysene with sodium 
dichromate in acetic acid. Further oxidation with permanganate gives cleavage of the 
ring to the corresponding dicarboxylic acid. 





Health and Safety Factors 


p-Benzoquinone is: an irritant, particularly dangerous to the eyes in solid, vapor, 
or dissolved state. In a few cases, there has been an appreciable loss of vision (7,15). 
The toxic propertics of p-benzoquinone and its derivatives have led to their use as 
bactericides, fungicides, and insecticides. Some quinones have carcinogenic activity, 
causing epitheliomas and papillomas when applied to the skin in benzene solution (12). 


a 
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Uses 


Although the use of quinones as dyes or dye intermediates has been indicated in 
the tables, most of these applications are now obsolete. One quinone, 2,5-di(p- 
chloroanilino)-p-benzoquinone, is marketed as Helindone Yellow CG (CZ. 1176) in 
several grades for vat dyeing and cotton printing (8). However, many of the azo 
chrome dyes which have replaced the quinones, on oxidation of the dyes on the fiber 
form compounds which may be derivatives of quinones (see Vol. 2, pp. 239, 242). 
Some naphthazarin derivatives appear to be useful as cellulose acetate dyes (18). 
See also Anthraquinone dyes, 

Many derivatives of hydroxy-1,4-naphthoquinones have been studied for anti- 
malarial activity, .A umber are more active than quinine for aviau malaria and some 
have antimalarial activity in man (see Malaria chemotherapy), 2-Methy]-1,4-naphtho- 
quinone is of major importance as one of the K vitamins (see Table IV and Vitamins), 
A number of other biological effects of quinones have been observed and utilized. 
For example, embelin (2,5-dihydroxy-3-n-undecyl-p-quinone) is used as a remedy 
for tapeworms; plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone) has antibacter- 
ial and medicinal proporties; juglone (8-hydroxy-1 4-naphthoquinone) is a pow erful 
fungicide, though apparently not in commercial use. 

Chloranil and 2,3-dichloro-1,4-naphthoquinone are the only quinones being 
used commercially as fungicides. The former is particularly valuable for the proter- 
tion of legume secds and the latter for the control of fungus diseases on apples and 
potatoes (see Fungicides (agricullural)). The use of p-benzoquinone dioxime m bar- 
tericide, fungicide, and insecticide preparations has been claimed. 

The tanning properties of quinones have been utilized in the leather industry 
(see Tanning materials), 

p-Benzoquinone has found some application in photographic processes. Its re- 
action with silver gives a reduction in contrast, and a quinone solution containing bro- 
niide may be used for intensification of negatives and for toning of positives (16) 
(see Photography). 

Quinones are frequently the products of the reactions of oxidation inhibitors 
(see Antioxidants). 

Quinhydrone is a useful component of an electrode for the determination of hydro- 
gen-ion concentrations at pH values lower than 8 (see Hydragen-ion concentration) ; 
the glass electrode has, however, supplanted the quinhydrone electrode in most appli- 
cations. 
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QUINOPHTHALONE, CisHy NOs. See Quinoline dyes, p. 402. 

QUINOTOXINE, CoasHayNeQs. See Alkaloids, Vol. 1, p. 484. 

QUINOXALINE, CoH N:CH.CH:N. See Heterocyclic compounds, Vol. 7, p. 452. 
Lo 





RACEMIC ACID, HOOC.CHOH.CHOH.COOH. See Tartarie acid. 

R ACID, HOC pHs(S0;H)2. See Naphthols, Vol. 9, p. 255. 

2 R ACID, NH,OHCyH,(8OsH)2. See Amino naphthols, Vol. 1, p. 737. 
RADIATION MEASUREMENT. See Electronics, Vol. 5, p. 570. 


RADICALS 


In the course of the evolution of chemical philosophy the term radical has been used 
in varying senses, and survivals of earlier variations of significance persist in present~ 
day usage. The original concept long antedated clear-cut ideas on molecular struc- 
ture and the nature of valence forces. With this reservation in mind, it is, perhaps, a 
fair approximation to say that the word radical originally signified an atomic aggre- 
gate or molecular fragment capable of surviving as an entity throughout a series of 
chemical transformations. In that it might, in this sense, be regarded as a chemical 
unit, the radical was essentially a “compound atom,” as distinguished from a “simple” 
(elementary) atom. 

In early usage the term was often applied to entities that we now prefer to des- 
ignate as ions, as in the cases of many of the “acid radicals” of Lavoisier, or of the 
“ammonium radical” which Berzelius likened to the alkali metals (that is, the alkali 
metalions). <A reflection of such earlier usages is to be seen in present-day references 
to formal strnetural units as substituent methyl, methoxyl, phenyl (or whatever) 
“vadicals.”’ (Lists of such radicals, or groups, with their preferred names, are published! 
by the International Union of Pure and Applied Chemistry and by Chemical Abstracts 
(in the Introductions to Subject Indexes; see especially Val. 29, pp. 5956-68; Vol. 
46, pp. 12413-18)). 

The basis of the radical concept that played a significant part in the early de- 
velopment, of organochemical theory is to be found in the classical paper of Wéhler and 
Liebig on “the radical of benzoic acid” (1832) and a succeeding general memoir by 
Liebig (1834). These were complemented by von Bunsen’s famous series of researches 
on “the eacodyl radical,” (CH)2As— (1837-1843). 

Nevertheless, by reason of eventual recognition of the fact that the supposed 
“yadieal of prussic acid,” isolated by Gay-Lussac (1815), is in fact: the dimer cyano- 
gen, (CN)s, of Schorlemmer’s demonstration (1863), that the “methyl” of Frankland 
is identical with ethyl hydride (ethane), and of other analogous experiences, together 
with the rise of the theory of types, and the unquestionable success of Kekulé’s doctrine 
of the quadrivalency of carbon (1858) as a fundamental of structural theory, chernists 
in general abandoned, or viewed with extreme skepticism, the notion that radicals are 
isolable, or can have independent existence. This attitude was perforce revised at the 
turn of the century when Gomberg (9) presented evidence cogently indicative of ‘the 
existence of the long-lived, relatively unreactive triphenylmethyl radical, (CeHs)sC-. 

Wood (31) subsequently showed that hydrogen atoms are generated at relatively 
low temperatures in hydrogen discharge tubes, and may exist for measurable periods 
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of time. Beginning with the methyl racdieal (25), Paneth and his collaborators 
showed that relatively short-lived alkyl yadicals may be generated by the pyrolysis 
of tetraalleyllead compounds. 

Although it should not, be inferred that all radical reactions necessarily involve 
free radicals, present-day mterest m radicals unquestionably centers on the free radical. 
As now usually defined, in terms of modern valence concepts, a free radical is an atom 
or group of atoms of electronic constitution such that it includes at least one unpaired 
electron. Such a defuition is broad enough to inchide atoms (other than those of the 
noble gases), polyatomic molecular fragments such as the long-lived triarylmethy] 
radicals of the Gomberg type, and the short-lived alkyl radicals of the Paneth type, 
unexcited molecules such as the monoradieal nitric oxide (NO) and the biradical oxy- 
gen (O.), and excited molecules such as the triplet state of ethylene. Although, as 
will appear, this conceptual definition is by no means divorced from operational “reali- 
ties,” the extreme quantitative range in the physical and chemical properties of free 
radicals renders a direct traislation into a concise operational generalization difficult, 
if not impossible. Consistent with this definition is the wide use with free-radical 
symbols of centered dots indicative of unpaired elections. Thus, a free monoradical 
may he represented by the symbol R-, a free methyl radical by HaC-, a hydrogen 
atom by H-, and « sufficiently excited ethylene molecule Gin the triplet state), dis- 
playing the properties of a biradical, by -~HeCCH.-. 


Production of Free Radicals 


Modern organochemical theory developed earlier and’ more extensively in the 
field of heterolytic (or essentially ionic) reactions than in that of homolytic (or essen- 
tially radical or atomic) reactiaus, Within the past few decades, however, the growing 
realization that; many organochemical processes are most satisfactorily elucidated in 
terms of homopolar bond scission and formation has extended and intensified interest 
in the generation of radicals and in the study of their behavior. Fwndamentally, 
of course, the two fields are not sharply demareated, for radicals may be generated by 
electron transfer, and, on the other hand, essentially atomic or racical processes may 
give rise to more or less strongly ionogenic products. Methods of free-radieal pro- 
duction can be conveniently classified into four types: electron transfer, photo- 
dissociation, theymal dissociation, and secondary or derived free radicals. 

Electron Transfer. Of the electron-transfer processes, various electrolyses are 
among the first that should be considered, The historical prototype of all these is the 
Kolbe reaction (1849) (eq. 1) m which « carboxylate ion is discharged at an electrode. 


[RCOO }- ———+ RCOO. + «7 (1) 


There is reasonable question as to the extent to which such processes may be regarded 
as true productions of free radicals in the sense that radicals are released into the elec- 
trolytie solution in appreciable concentrations. In general, the products of such re- 
actions may be reasonably accounted for on the basis of the interactions of adsorbed 
radicals with cach other or with components of the electrolytic solutions. There can 
no longer be any doubt, however, that the initial step is analogous to that specified 
in the foregoing equation. 
Other electrolyses fundamentally similar in type are those of organometallic 
compounds (¢.v.), including the Grignard reagents (see Grignard reaction), which have 
been extensively studied by Evans and his collaborators (2~8). ‘With due regard for 
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the complexity of Grignard reagent, solutions, and for the associations and solvations 
of their organometallic components, the following over-simplified etuations (2-+) may 
he taken as indicative of relevant anodic processes! 





[ReMgX]> -———> R- + RMgX + e> (2) 
[RaMg]7 ———> R.- + ReMg + e7 (3) 
(RMgX.]~ +R + MgXy + e- (4) 


The sodium flame reactions, that is, the reactions in the vapor phase of metallic 
sodium with halides (both organic and inorganic), which have been studied by Polanyi 
etal. (11) and by others, may also be regarded as involving electron transfer (eq. 5): 

RN + -Na ———3 R- -+ NatXx- (5) 
Formally similar is the Gomberg preparation, in sohition, of triphenylmethy] in equilib- 
rium with hexaphenylethane (eq. 6): 
2 (CyHs)sOX -+ 2 Ag -—-—> 2 AgX + [2 (CsHs)sC+ === (CoH, 3CC(CoH3)s] (6) 
If it is assumed that the triphenylmethyl radical is indeed the primary organic product 
of this reaction, the analogy is complete. 

The reactions of active metals or of metallic sublialides (radicals such as -MgXX) 
with ketones (eqs. 7 and 8) might also be assigned to this class on the ground that the 
initial products (the ketyls) are at the same time salls and free radicals. 

RCOR’ + «Na ——+ [RR’CO-Na*)- (7) 
RCOR! + -MgX ———> [RR’CO-MgeX*]- (8) 
Tf the active reducing agent produced when a cobaltous halide reacts with a Gri- 


gnard reagent is considered to be a cobaltous subhalide, various secondary reactions 
may also be assigned to this class (eqs. 9-11). 





OsH3sMgBr + CoX, ———> C,11,CoX + MgBrX (9) 
2 C,HsCoX > CyEbCyH, + 2 «CoN (10) 
RX’ + -CoX ———+ R- + N’CoX (11) 


The liquid-phase iron-catalyzed decomposition of an organic hydroperoxide (or of 
hydrogen peroxide) to produce alkoxy (or hydroxy) radicals (12) may also he assigned 
to the category of clectron transfers (eq. 12) (sec also Vol. 10, pp. 64-65): 


ROOH + Fe?+ ———> RO» + [Fe +Oll-]2+ (12) 


Photodissociation (see also Photochemistry). The photohalogenations of hydro- 
carbons were among the first organic reactions to be generally recognized as homolytic 
in nature. It is now well established by physicochemical and, spectroscopic evidence, 
as well as by chemical inference, that molecular halogens are © decomposed into atoms by 
light of appropriate wave length (eq. 13): 

X, “4 2x. (13) 
Similar photodissociation of the hydrogen halides is also well established (eq. 14): 
HX —» He + -X (14) 


The fact that polyhalomethanes undergo many photochemical reactions qualitatively 
and quantitatively similar in all respects to the corresponding peroxide-induced re- 
actions clearly indicates that they are dissociated by light energy (eqs. 15, 16): 
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hy . 
ChCBr ———> Chi -- Br (15) 
hy : 
cc, > OhC + -Cl (16) 
(u.v.) 


There is also abundant evidence of the photodissociation of simple alkyl halides, no- 
tably the iodides (eq. 17). 


RI ke I (17) 


Contrary to popular impression, the dissociation of organic disulfides at low tem- 
peratures is not a spontaneous (or thermal) but a photochemical reaction (eq. 18): 


hp 
RSSR ———> 22S: (18) 
Mercaptans (as well as hydrogen sulfide) are similarly photodissociable (eq. 19): 
Ay 
RSH ——-4 RS. + -11 (19) 


Probably in many, if not in all, cases such dissociations of disulfides and mercaptans 
require the inductive action of a coreactant. 

The photodissociation of ketones (notably avetone) has been extensively studied 
both in vapor and liquid phases (eq. 20): 


(CH; ).CO > CHy: + -COCH; (20) 

‘There are also several dissociationus originally, or more commonly, effected ther- 
mally which may be accomplished by irradiation. These include, by way of example, 
that of diazomethane, CHsN,, those of acyl peroxides, (RCO)sO2, and those of various 
organometallic compounds, such as the dialkylzine, the dialkylmercury, and the tetra- 
alkyllead compounds, 

In general, the practical advantage of a photolytie over a thermolytic process is 
that dissociation may be effected at a lower temperature; sometimes this means that 
vapor-phase studies may be extended to the liquid phase. 

Thermal Dissociation. If hexaphenylethane is considered the parent compound, 
then the triphenylmethy! radicals in equilibrium with ib in benzene or other suitable 
solution at ordinary temperatures may be regarded as resulting from thermal dis- 
sociation (eq. 21): 


A 
(Cll OCC GIT a 3+ 2 (CaHa)sC . (21) 


The equilibrium constants of some hexaarylethanes have beeu determined by the mag- 
netic method (see p, 436) based on the fact that the undissociated compounds are dia- 
magnetic and the free radicals are paramagnetic (ref. 49, p. 694). 

The methy! radicals of Paneth (25) are, of course, the classical examples of alkyl 
radicals of pyrolytic origin (eq. 22): 


A 
(CHy)Ph ———> Ph + 4-CH; (22) 
Leermakers (20) showed that free methyl radicals may be generated by heating azo- 
methane to about 400°C. Subsequently various investigators have used azo com- 
pounds (many of which are dissociable at much lower temperatures) as sources of free 


radicals, Miiller (23) has generalized the equation (eq. 28) and specified some ex- 
amples as follows: 


A-N=N—-B 2 As +N, + -B | (23) 


RADICALS 429 


where A = B = CE, NC(CHs).C, CsHsCH20; and A = aryl, B = OH, Cl, OCOCHs, 
N(CHs)e, SR. Acyl peroxides have been widely used as convenient sources of free 
radicals in solution at relatively low temperatures (see also Peroaddes, organic). It is 
often stated that the primary dissociation is representable by equation (24): 


en A 
ROCOOCOR, ——> 2 -OCOR (24) 


As regards bengoyl peroxide this may well be true. Some studies in which acety! 
peroxide has been used is a source of methyl radicals, however, invite serious considera- 
tion of the alternative dissociation scheme (eq. 25): 


SH,0COOCOCH, _—*, CH;- + CO, -- -OCOCHs (25) 


Alkyl peroxides (notably feri-butyl peroxide) are dissociable at relatively low 
temperatures, and their reactions have been studied in both vapor and liquid phases. 
Although the praducts obtained in the two cases differ somewhat, results in general 
are consistent, with the primary dissociation scheme (eq, 26): 


ROOR ————> 2RO- (26) 


Tt has been postulated that various oxidations in which lead tetraacetate sei ves as 
the oxidant may be elucidated upon the basis of the assumption that the initial step is a 
unimolecular dissociation of lead tetraacetate into lead diacetate and acetyl peroxide 
or the thermal decomposition produets of acetyl peroxide. While this may well be 
true under some couditions, it does not appear to cover all cases: (J) Whereas appre- 
ciable decomposition of lead tetraacetate in a sealed tube begins at about 140°C. and 
becomes rapid at about 180° (27) decomposition in many solvents proceeds readily at 
considerably lower temperatures, (2) The temperature at which appreciable de- 
composition in solution begins varies widely and is characteristic of the specific solvent. 
employed. (3) Lead tetraacetate and acetyl peroxide when decomposed in the same 
solvent (specifically isopropyl ether ov acetic acid) yield different preducts (other than 
lead diacetate) or the same products in widely different proportions. 

Icharasch et al. (13) suggest that the initial step in the decomposition of lead tetra- 
acetate in a solvent which may serve as a hydrogen donor is an indueed dissociation 
which may be represented by equation (27): 


(CH,COO)Pb -+- RH -—~——> (CH;COQO)sPb: + CH;sCOOH + R- (27) 


Tt is further postulated that triucetyllead (the equivalent of a free radical) may then 
react in one or more (perhaps all) of the following ways (eqs, 28-30). 


2 (CH;COO}sPb> ——> (CHyCOO)Pb + (CHiCOO).Pb (28) 
(CH;COO);Pb» ———+ (CH;COO)2Pb + -OCOCH, (29) 
(CHCOO),Pb- ———> (CH,COO};Pb + CO, + CHs- (30) 


The reaction scheme proposed is consistent with the products resulting from decom~ 
position of lead tetraacetate in isopropyl ether or acetic acid. 

Secondary or Derived Free Radicals (‘“Radikalotropie”’). Some of the reactions 
of free radicals (see below) give rise to new and different free radicals. To designate 
such processes some German theorists have employed the hybrid term Radzkalo- 
tropie which may be freely translated “radical transformation.” Equations (31-33) 
give examples: 
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Re + RI ———> BR’ + RH (31) 
Re + RN —— RY + RX (32) 
R: - R’CHs=Cly ——— R’CRCIL)CH: (33) 


Although it may not have been so applied, the term would scem to be broad enough 
to include such processes as those represented (eqs. 34-86) : 


RCOO- ———> B+ + COy (34) 
RCO. ——-> Re + RCO (35) 
R. ——> RY’ (36) 


Rquation (36) is intended to represent a radical rearrangement (see p. 481). 


Reactions of Free Radicals 


The reactions of free radicals may he divided arbitrarily info three classes: (1) 
those in which the radical undergoes alteration, as (a) by further dissociation into 
smaller fragments, or (b) by rearrangement; (2) those in which the radical reacts with 
another of its own kind, as (a) by dimerization, or (b) by disproportionation; (9) 
those in which the radical reacts with some other component of the reaction system, as 
(a) by exchange, or (b) by addition. 

Radical Alteration. There is good reason to believe that the initial step in the 
thermal decomposition of benzoyl peroxide m muy solvents is dissociation into benz- 
oxy free radicals (eq, 87) (see also Vol. 2, p. 480; Vol. 10, p. 72): 


A 
C.H;0C00COCHs ——-—> 2 -OCOCsH; (37) 


The fact that, under suitable expertmental conditions, beazoyl peroxide may also serve 
us a source of phenyl radicals (aud carbon dioxide) suggests the further dissociation 
(eq. 38): 


CyH,COO- ——> ChE + COs (38) 


fu liquid-phase reactions, ab least, 16 is oflen difficult to decide, however, whether the 
‘secondary dissociation is indeed iimolecular or ig Induced by a coreactant, as, for 
example, a hydrogen donor (eq. 39). 


Cyl KCOO+ + RE ———> Cys + CO: + R- (39) 


When éert-butyl peroxide is thermally decomposed in a liquid system inchiding 
a good hydrogen donor, nearly quantitative yields of feri-butyl alcohol may be re- 
covered, Jixcept at relatively high temperatures little, if any, methane is evolved. 
In analogous vapor-phase reactions, however, no éert-buty] alcohol is formed, but nearly 
quantitative yields of methane are recovered, together with acetone. Taken together, 
these tio sets of facts strongly suggest that the vapor-phase reaction follows the se- 
quence (eqs. 40-42) ; 


A 
(CHs)sCOOC(CH,)s —— 2 (CII; ),CO- : (40) 
(CIIy),CO- ——-—» CHa: + (CH):CO (41) 
RH + CH, ———> CH, + BR: (42) 


It has been shown by Ixharasch ef al. (15) that im liquid-phase peroxide-induced 
fiee-radical reactions, the simpler alkyl radicals (specifically, n-propyl and isopropy!) 
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do not isomerize. However, there is good evidence that more complicated hetero- 
elementary radicals may undergo rearrangement (19), for example (eq. 43): 


RCH==CH; + -8Q.C] ———> R(ClO.8CH.)CH- ———> RCHCICH.S0.- (43) 


When neophyl chloride ((chloro-tert-butyl) benzene) is treated with one equivalent 
of phenylmagnesium bromide in the presence of a catalytic quantity of cobaltous 
chloride, the products of the reaction (in addition to biphenyl) are tert-butylbenzene, 
isobutylbenzene, methallylbenzene, (2-methylpropenyl)benzene, and a mixture of 
isomeric neophyl dimers [(CioHis—)2] (28). Presumably neophyl free radivals are 
formed by the reaction shown (eq. 44): 

CiTIgC(CH,)sCHeCl + -CoCl —_—> CoC -+ CoHC(CHy)2 CH (44) 


Obviously these radicals rearrange, but whether the rearrangement is first-order with 
respect to the free radical, or whether it takes place simultaneously with dimerization 
and disproportionation, is not yet known. 

Analogous rearrangements have been observed by Curtin and Hinwitz (1) in the 
decarbonylation of aldehydes initiated by ¢ert-butyl peroxide. Presumably the first 
step in the reaction is the reraoval of the carbonyl hydrogen by a free radieal (R°) 
derived from the peroxide (eqs. 45-47). 


(Cells )sCCH,CHO ++ R- ———-» RH + (CsHs):CCHiC(=0)- (45) 
(CyIT),CCH(CH)CHO ++ RB» ——+ RH -b (CyH,);CCH(CH,)C(==0)- (46) 
CH,(CiHs),CCH2CHO ++ R- —-—> RM + CH,(G;H,).CCH.C(=0)- (47) 


The evidence available does not precluce the possibility, suggested by Curtin and Hur- 
witz, that the rearrangement takes place subsequently to decarbonylation, The for- 
mal analogy to the pinacol rearraugement, however, suggests the possibility that de- 
carbonylation and rearrangement may be simultaneous processes (eqs. 48-50): 


(CoHs)sCCTeC(=0)- ———> GO + -C(CsHs),CEe Cols (48) 
(CyH;); OCH(CH,)C(=0)- > CO -b -O(C4Hs):CH(OH:) CoH, (49) 
CH,(CcH ),CCH,C(==0)» ———> CO + + C(CH;)(CyHs) CH2CsI (50) 


Interaction of Like Radicals. The extent to which like radicals react with each 
other depends upon the nature of the specific radical in question, and upon the experi- 
mental conditions imposed. In the presence of other potential coreactants, the more 
reactive free radicals (in general, the more “electronegative” free radicals in the sense 
of Kharasch (16,17)) do not survive long enough to. attain sufficient concentrations for 
mutual encounter. The following abbreviated series of radicals, in order of decreasmg 
reactivity, may serve for illustrative purposes: phenyl > methyl > ethyl > isopropyl! 
> allyl > benzyl > tert-butyl > benzhydryl > triphenylmethyl. 

Of the less reactive free radicals, those structurally incapable of disproportiona- 
tion undergo dimerizatian (either reversible or irreversible, depending upon the charac- 
ter of the radical). Those structurally capable of disproportionation may dispro- 
portionate completely, or disproportionate in part and dimerize in part. The ratio of 
disproportionation to dimerization depends in part upon the nature of the specific 
radical involved, and in part wpon the experimental conditions. 

Dimers are often among the products reported as resulting from vapor-phase 
reactions in which simple alkyl! radicals participate. It is now generally recognized, 
however, that such dimers do not arise from simple bimolecular collisions, but rather 
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from three-body processes in which inert’ vapor-phase components participate, or 
from wall reactions: 


2 Gs: + M ———> CyEio -+ M* (51) 


Equation (51) is intended to indicate that excess euergy of dimerization (which would 
otherwise decompose the dimer) is transferred to an inert third body CM) or to the wall. 
An obvious implication of this hypothesis is that it should be possible, by increasing the 
surface-volume ratio of the reaction vessel, and/or by increasing the partial pressure 
of an inert vapor-phase component (for exwmple, nitrogen), 40 increase the dimeriza- 
tion-disproportionation ratio. Tn many cases this has been found to be true. 

Contrary to past belief, it is currently supposed that the so-called three-body 
collision need not necessarily proceed by a simultaneous meeting of three bodies. If 
tavo bodies are capable of associating on collision to form an energy-rich complex with 
a finite life period, then a subsequent collision Gvithin that life period) may effect the 
energy-transfer necessary to convert the complex to a stable molecule. If (failing 
energy-transfer) the dissociation of the complex is first-order, the original association 
will exhibit, second-order kmetics, even though the formation of a stable molecular 
product is still mechanistically a three-body process. This is the interpretation placed 
hy Gomer and Kistiakowsky (10) ou the results of their study of the vapor-phase di- 
merization of methy! radicals (the life of the energy-rich complex being estimated at 
about 1077 seeond) (eq. 52). 





+ 2CH,- 
2 CH, ——> [CH,~} ——~ 7 (52) 
air? Calle + M* 

Dimers of simpler alkyl radicals arealsoreported among the productsof electrolyses, 
from which it may reasonably be inferred that an electrode may play o part analogous 
to that of an inert third body or a reaction-vessel wall, 

Kk might, perhaps, be supposed that in liquid-phase reactions the liqaid phase or 
some component thereof could be expected to serve as the excess-energy acceptor es- 
sential to such dimerizations. In practice, however, this does not, in general, appear 
to be true. In essentially homogeneous liquid-phase reactions the simpler alkyl 
radicals up to, and including, hexyl display no appreciable tendenvy to dimerize, but, 
rather, disproportionate completely (eq: 53). 

2R- —-——> RII + Rew (53) 


The I-methylheptyl radical, CH3(n-CgHis)CH-, dimerizes in part, but dispropor- 
tionates to a somewhat greater extent; the cyclohexyl radical undergoes both dispro- 
portionation and dimerization. An example of the relatively rare dimerization in 
solution of a small and simply constituted radical is that of trichloromethyl, Cl,C:. 

In disproportionation the same radical must operate both as hydrogen donor and 
as hydrogen acceptor (or abstravtor) (eq. 13). Weakly reactive radicals structurally 
capable of disproportionation are, in general, good potential hydrogen donors; they 
are, however, rather feéhle hydrogen abstractors. This fact accounts for the possi- 
bility of preparing hexestrol dimethyl ether in practical yield (about 40%) by treating 
anethole “hydrobromide” with a Grignard reagent and cobaltous chloride (14) (eqs. 
54-57) (see also Vol. 7, p. 539). ; 


C;H;sMgbr + CoCh ———+ O,H,CoCl] + MgBrCl (54) 
2 CHsCoC] ———>._ CoHCuHs + 2 -CoCl (55) 
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Coll p-CHOCsH)CHBr + -CoCl ———> C.H;(p-CHiOCIL)JCH- ++ CoCIBr (56) 
2 C,Hs(p-CHjOCH.)CH- ———> [CylI5(p-CH,OC,H.)CH--}, (87) 


Reactions of Unlike Coreactants. Alihough combinations of unlike free radicals 
to form more or less stable molecules are by no means unknown, the great majority of 
reactions of free radicals with unlike coreactauts are of the “Radiknlotropje” or radical 
transformation type previously mentioned. 

Some typical examples of exchange reactions may be generally represented by 
equations (58-62) ; 


OH3- + GoH,CH; ———> CH, + ChACte: (58) 
Colly: + C:H;Br ———> C,H;Br + CoH, - (59) 

CsH,COO+ + (CeHs),O t—» C,H,COOI + CHA CLH,O)CH- (60) 
CoHs(CH,)2CO- + tert-CsH SH -——> C,E(CHs)COH + tert-CshuS- (61) 
(Cos )3COO+ + [(CoHs)s0—-f —-—+ [(CoHs hh CO—b + (ColTa)sC> (62) 


Like the exchange reactions, the addition reactions might be variously subclassi- 
fied; equations (63-66) may serve as examples: 





CelI(CH3)C+ -+ Oo ———> C5H,(CH3),C00> (63) 
CCl. + Cyll,CH=CH: CCCI CH,)CH- (64) 
(CHy),CO- + CHi==CHCH=CH, ———+ [(CH;);CO(C.H,)]- (65) 


Cys: + 0 ___, 0 A (36) 
NOH 


Reaction (66) above is sometimes written to indicate that expulsion of a free 
hydrogen atom takes place simultaneously with addition, forming the isolable con- 
densation product, biphenyl, in one step. The thermal probabilities, however, would 
appear to be overwhelmingly against such combination reactions. The intermediate 
here postulated would be an extremely active hydrogen donor (removal of the labile 
hydrogeu atom being greatly facilitated by simultaneous restoration of the aromaticity 
of the ring). Almost any potential hydrogen acceptor (including the initiating free 
radical and molecular oxygen) would serve to effect the stabilizing dehydrogenation. 
In general, the available evidence indicates that, except possibly in high-temperature 
pyrolytic reactions, hydrogen atoms do not split off from carbon in the absence of a 
hydrogen acceptor. 


Chain Reactions Involving Free Radicals 


Although nonchain radical reactions are of great theoretical interest, are capable 
of yielding more or less quantitative data of far-reaching applicability, and may even, 
in special cases, be adapted to preparative uses, the great uew field of synthetic organic 
chemistry and industrial production now undergoing exploitation and rapid expansion 
is a consequence of the growing understanding of atomic and free-radical chain re- 
actions. 

The basis for elucidation of many such practically valuable reactions is an under- 
standing of the simple olefin-addendum combinations. These include: the anti- 
Markoynikov additions of hydrogen bromide to unsymmetrical olefins; the oxidant- 
induced mercaptan and bisulfite additions; and the photochemical or peroxide- 
induced additions of polyhalomethanes and trichlorosilane. 
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In brief outline, such chain-reaction additions may be said to involve three es- 
sential processes. First, there is the generation from the molecular addendum, by 
any of several possible means, of atoms or free radicals (eq. 67): 

AB——> A- (67) 

Second, there is the additive reaction with the olefin of the atom or free radical so 
generated to form a new free radical (eq. 68): 

RCH==Clkk + A: 





> R(ACHL)CH: (68) 
Third, there is the reaction of the secondary, or derived, free radical so formed with 
the addendum in such manner as to complete Lhe addition (termination) and regencrate 
the chain initiator (eq. 69): 

R(ACH,)CH- -- AB -——> R(ACIL)CHB + A- (69) 


It is a matter of considerable theoretical interest, and of vast practical impor- 
tance, that, with proper choice of reactants, reactant concentrations, and other ex- 
perimental conditions, simple addition reactions of this class may be diverted to another 
course, giving rise to so-called polymerizations (or copolymerizations). To designate 
reactions of this secoud class, some chemists have employed the term “telomeriza- 
tion.” In such reactions the derived free radical resulting from the first additive 
reaction (eq. 68) reacts additively with another molecule of olefin (eq. 70 or 71): 


R(ACH,)CH- + RCH-=CH, ————> R[R(ACIL)CTICILICII- (70) 
or R(ACHA)CH: -+ R’CH=CH, ——> RB’ [R(ACH. )CHCH,|CH- (71) 


“Polymerization” chains so initiated may continue indefinitely (propagation) until 
terminated by some process analogous to the reaction shown (eq. 69), or by combina- 
tion of free radicals. Such reaction chains are the hasis of the synthetic elastomer 
and various other high-polymer industries (see also Polymers), 

Certain aspects of low-temperature iron-catalyzed hydroperoxide-induced emul- 
sion polymerizations (or copolymerizations) may serve to illustrate a few of the more 
elementary problems encountered in the practical control of such reactions (12). 
The chain-initiatory process may be generalized by equations (72 and 73): 

ROOH + Fe?+ ——> RO. +- FeOQH?+ (72) 
R/CIL=CH, + RO- ———> R’(ROCH,)CH- (78) 


Under the conditions usually employed, the generation of free alkoxy radicals 
takes place in the aqueotus phase, and the initiatory addition of an alkoxy free radical 
to an olefinic molecule (exemplified by equation (73)) occurs at the liquid mterface or in 
the nonaqueous phase. In order that chain initiation and propagation may proceed 
at a practically satisfactory rate, 1t is necessary that certain requirements be met. IE 
alkoxy radical generation is too slow, polymerization will be impractically slow. 
If alkoxy radical generation is too rapid, either side-reactions in the aqueous phase will 
dissipate the free radicals ineffectually, or the polymerization chains will be quickly 
terminated (eq. 74): 

2 R/(ROCH,)CH: ——+ [R(ROCI,)CH—}, (74) 


When additives capable of yielding secondary chain initiators are present, too 
rapid generation of alkoxy radicals may also defeat its purpose and bring about chain 
termination (eq. 76). 
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R 
nso B22, ys. (75) 


2 R/S8- ——> R/SSR! (76) 


In achieving a steady state in which the concentration of alkoxy radicals in the 
aqueous phase approximates the optimum, the water solubility of the hydroperoxide 
is an important factor. tert-Butyl hydroperoxide is an unsatisfactory initiator, not 
for the reason sometimes postulated (lack of aryl groups), but because it is far too 
water-soluble, The water solubility of e-cumy! hydroperoxide is of the proper order 
of magnitude, as is that of 1,1-dimethylocty] hydroperoxide. 

For the sume reasons that too high a concentration of hydroperoxide in the 
aqueous phase is undesirable, too high a concentration of ferrous ions is to be avoided. 
The practical requirements may he met by supplying ferrous ion in excess in very 
slightly water-soluble or in complex-inhibited form, or by supplying approximately 
the optimum quantity of water-soluble ferrous ion together with an agent capable of 
regenerating ferrous ions by reducing ferric (FeQH?*) ions. The role of triethylene- 
tetramine in so-called “iron-free” emulsion polymerizations (in which iron is actually 
supplied by the emulsifying soap) is that of a reducing agent (eq. 77) (18,29,380): 


H 
FeQH?2+ a, Feit + TO (77) 


Detection and Estimation of Free Radicals 


Except for the very few longived free radicals that remain unassociated in the 
solid state (for example, triphenylhydrazyl, (CsHs)eNN(CeH,)-, and pentaphenyl- 
eyclopentadienyl, C,(CeHs):°) free radicals are not truly isolable. Evidence of their 
presence and indications of the amounts must usually be obtained, therefore, by more 
or less indirect means. The degree of indirection is an inverse function of the stability 
(or a direct function of the reactivity) of the specific radical uuder examination. Often 
it is possible only to infer from the overall results of an experiment that at oue or more 
stages a free radical (or free radicals) must have been present. Because the long- 
lived free radicals (that is, those of high stability and low reactivity) were those first 
recognized and studied, some of the more direct methods of inquiry were among those 
earliest developed. Most of the more direct methods may be classified as physical or 
physicochemical. In general, the chemical methods grade off rapidly from direct, 
through various degrees of indirection, to inferential. 

Molecular Weight. Among the methods earliest applied to long-lived free radi- 
cals is the determmation of apparent molecular weight in solution (either cryoscopic 
or ebullioscopic). Entirely aside from the possibility of radical interactions of one 
kind or another, such methods leave much to be desired in precision and accuracy, and 
their necessary confinement to rather narrow temperature rages limits the theoretical 
utility of the data derivable. 

Color. Because many radical dimers are colorless, whereas the corresponding 
free radicals themselves are highly colored, more. or less elaborate colorimetric methods 
have been used to estimate the degree of dimer dissociation in solution. Even with 
highly refined techniques the limits of accuracy and precision are not always all that 
could be desired, and there is the additional disadvantage that some radical interactions 
are photosensitive. 

Magnetic Susceptibility. Determinations of magnetic susceptibility seem at 
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present to constitute the nearest approach to an ideal method for estimating free 
radicals quantitiatively. The theoretical principles involved and several of the tech- 
niques that have been developed are discussed in some detail hy Miiller (22). Briefly, 
since free radicals ure characterized by unpaired electrons, and, since wnpaired elec- 
trons have quantitatively calculable magnetic properties, determination of the mag- 
netic susceptibility of a known quantity of material supplies a basis for estimation of 
the number of free radicals present. The techniques available are highly adaptable in 
that they may be applied to solid, liquid, or vapor phases, and i that the temperature 
limitations are only those imposed by the nature of the materials to be examined. 
The principal present obstacle to extension of their uscfuliess is the fact: that below 
certain limits of radical concentrations they become inapplieable or wireliable. To 
what extent developments in instrumentation may overcome or minimize this limita- 
tion remains to be seen. 

Para-hydrogen Conversion. Ordinary hydrogen gas comprises an equilibrium 
mixture of three parts of ortho-hydrogen (with parallel nuclear spin) to one part of 
para-bydrogen. (with antiparallel nuclear spm) (see Vol. 7, p. 676). This equilibrium 
is not attained spontaneously, but conversion of one form of hydrogen to another 
is catalyzed by paramagnetic substances. In practice, para-hydrogen (or a mixture 
containing an excess over the equilibrium amount of para-hydrogen) is shaken with a 
solittion containing long-lived free radicals, Since the heat conductivities of the two 
forms of hydrogen differ considerably, it is possible to follow the net conversion of 
para-hydrogen through heat-conductivity determinations performed on the hydrogen 
mixture, The distribution coefficient of hydrogen between liquid and gaseous phases 
being known, it is then possible to relate the rate of conversion quantitatively ¢o the 
concentration of free radicals presdnt by the application of a known equation, 

Intermittent Tlumination. By comparison of the rates, proportions of products, 
and other features of photochemical reactions under continuous Ulumination with the 
game properties under illumination of varied (but controlled) intermittency, it is 
possible to deduce mathematically a variety of interesting and theoretically useful 
data, including values of the steacly-state conceutrations of photogenerated free radi- 
cals. A commonly employed experimental method is often called the “rotating 
sector technique” after the apparatus used as one of the more convenient and adapt- 
able means of interrupting irradiation. The mathematical principles justifying de- 
duetions made in this way have been discussed in detail by Noyes and Leighton (24), 
and by Melville and Burnett (21). This method has been used, among other things, 
for study of the recombination of methyl racicals generated by the relatively low- 
pressure gas-phase photodissociation of dimethylmercury and acetone (10). 

Chemical Reactivity. The reactions of long-lived free radicals with such co- 
reactants as iodine, oxygen, or nitric oxide served, and still serve, a useful purpose as 
qualitative or semiquantitative techniques. As means for quantitative investigation, 
however, they are now supplemented or superseded by more elegant physical methods. 
The metallic-mirror technique of Paneth (25,26) for the detection of short-lived alkyl 
radicals was an original departure in direct chemical methods, Free ally! radicals 
swept over a suitable metallic mirror (for example, lead, antimony, or tellurium) in a 
stream of inert gas (suitably hydrogen or nitrogen) remove the mirror, forming identi- 
fiable organometallic compounds which may be collected in a cold trap. When it is 
necessary to differentiate between alkyl radicals and hydrogen atoms, a suitable mirror 
or sequence of mirrors may be selected. Antimony and tellurium are attacked by 
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both free radicals and atomic hydrogen; lead is attacked by free radicals, but forms 
no hydride. 


The preceding discussion of the reactions of free radicals will suggest other chemi- 
cal means of detecting, or nferrmg the momentary existence of, free radicals. How- 
ever, the products formed in a reaction are not always sufficient in themselves, without 


auxiliary evidence, to distinguish between unimolecular and induced homolytic dis- 
sociations, 


Finally, a study of reaction kinetics often furnishes useful clues to probable re- 
action mechanism, if only by exclusion. ‘To cite a very elementary example, if a com- 
pound 1ndergoes first-order thermal decomposition in a variety of solvents, polar and 
nonpolar, and if the energy of activation is the same in all solvents, it may be inferred 
that the decomposition takes place through unimolecular dissociation into free radicals. 
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RADIOACTINIUM. See Radioactive clements, natural. 


RADIOACTIVE ELEMENTS, NATURAL 


The radioactive elements discussed here are those naturally occurring radioactive 
elements of atomic number 81 or greater. Artificial radioactive clements are dis- 
cussed under [sotopes. See also Nueleanics; Thortum; Uranium. 

The natural radioactive elements occur in three series, the uranium series, derived 
from uranium 238; the thorium series, derived from. thorium 232; and the actinium 
series, derived from uranium 235. See Tables I, Il, ITT, and TV and Figure 1. 
In the uranium series the mass numbers of all the nuclides are of the form 4m + 2, 
where 1 is an integer, and in the thorium and actinium series the mass numbers are 
dn and 4n + 8, respectively. The nuclides of the 42 -+ 1 series do not occur naturally, 
but this series has been prepared artificially. 

Some of these elements, notably uranium and thorium, had been known well 
before radioactivity was discovered. After the discovery of radioactivity, and before 
the development of modern nuclear theory, some of the radioactive elements were 
given names such as radium A, which denotes polonium 218, and thorium C, which 
denotes bismuth 212 (see Tables I, II, and ITI). In the technology of the natural 
radioactive elements, the older names are often retained. 


Henri Beequerel, who in 1896 first reportect the results of his experiments on the exposure of 
uranyl! salts to sunlight, noted that the effect which these crystals had on the degree of blackening of a 
photographic plate was independent of the degree of activation it had received through the sun’s rays. 
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He obtained this effect not only with potassium uranyl sulfate but also with other uranous and uranyl 
salts and with what was then believed to be metallic uranium; in each case he observed that the de- 
gree of blackening waa proportional to the quantity of uranium present. (Pringsheim (Lumtnescence, 
Interscience, N.Y., 1948, p. 78) suggests: “It must be emphasized that the fluorescence of uranyl 


TABLE J. The Uranium Series. 





Corresponding Atomie 





; _Radioelement - _ element number Symbol Radiation Half-life 
Uranium I Uranium 92 ass a 4.5 K 10 yr. 
Uranium X, Thorium 90 Tht B, ¥ 24.1 days 
Uranium X2* Protactinium 91 Pa?34 B+ 1.14 min. 
Uranium IT Uranium 92 yes a 2,35 X 105 yr, 
Tonium Thorium 90 These a 8.0 *K 10* yr. 
Radium Radium 88 Ra?s a, 7 1.62 X 103 yr. 
Ra emanation Radon 8&6 Rn?#? @ 3.82 days 
Radium A Polonium 84 Po8 a, B 3.05 min, 

99. 19.96% 7% | 0. 0.04% 
ritom: B » | Lead 82 Pbt4 By 26.8 min. 
— _Astatine 218 Astatine 85 Att a 2 sec. 
Radium C Bismuth 83 Biz" Bo, ¥ 19,7 min. 
99.96% | 0.04% 
Radlium Cc’ | Polonium 84 Po2'4 a 1.5 X 1074see. 
Radium Cc’ Thallium 81 T)20 B, 1.32 min. 
Radium D Lead 82 Ph2t By 22 yr. 
Radium Bismuth 83 Bi20 Bye 5.0 days 
~100% | ~10°% ; 

retium P| F | Polonium 84 Po20 a, y 140 days 

Thallium 206 Thallium 81 T1205 B 4,23 min. 
Radium G Lead 82 Php208 Stable — 


(end product) 





® Undergoes isomeric transition to form uranium Z (Pa*#4), the latter has « half-life of 6.7 hr, 
emitting @-radiation and forming Uranium IT (U4). 
Source: reference (9), 


salts under light or cathode ray excitation has no connection whatever with their radioactivity, not- 
withstanding the fact that by an erroneous analogy the fluorescence of uranium salts led Beequerel 
to the discovery of radioactivity.”) Beequerel also observed that the penetrating rays from uranium 
would discharge an clectroscope, It was then known that x-rays, which had been recently discovered 
by Roentgen in 1895, also had this property. 

It was not, however, until Pierre and Marie Curie (1898) deduced that the emitted rays repre- 
sented an atomic phenomenon, which was characteristic of the element and independent of the state of 
physical or chemical combination of the element, that the study of radioactivity commenced. 

Radioactivity was now sought for in all elements. The Curies pioneered in this apparently. 
limitless field. The radioactivity of thorium was discovered independently both by Mme. Curie and 
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TABLE I. The Thorium Series. 


Corresponding Atomic 

















Radioelement clement number Symbol Ravliatior Half-life 
Thorium ~~ Thorium 90 7 opps ve _ ; 1 39 X 10® yr, 
Mesotharium I Radium 88 Ra? B 6.7 yr. 
Mesothorium IL AgLinium 89 Ac? By 6.13 hr. 
Radiethorium Thorium 00 Ths a, y 1.90 yr. 
‘Thorium X Radium 88 Rv a Y 3.64 days 

Th emanstion (theron) Radon 86 Rn? a 54.5 see, 

Thorium A Polonium 84. Pots a, B 0. 16 sec, 

~100% | 0.014% 
Thorium B Lead 82 Pb2t2 By Y¥ 10.6 hr. 
Astatine 216 Astatine $5 Ata a 3X 1074 see. 
Thoriam C Bismuth 83 Bee B, a, + 60.5 min. 
(6.3% |_33.7% 
“rvorium C! Polonium 84 Pots @ 3 > 1077 see. 
Thorium C” Thallium Sl P28 By y 3.1 min. 
Thorium D Lead 82 Py Stable — 


(end product} 





Source; reference (0). 


G. ©, Schmidt. Fractional separation of the uranium ores led to the discovery of polonium and 
radium; the latter was found in the barium fraction and separated chemically from pitchblende—also 
by the Curies and their co-workers. Actintum (atomie number 89), one of the members of the third 
major radioactive serios, was discovered by Debierne, a co-worker of the Curies, in 1899. 

With the discovery of these new elements and their new properties, new modes of detection were 
developed and refined. Tor example, the mechanism of the discharge of the clectroscope was soon 
whderstood in terms of the ionization of gas molecules, and the measurement of ionization current 
displaced the then crude qualitative methods of photographic blackening. Calorimetric measure- 
ments of the encrgies released were performed by the Curies and their co-workers, and they found that 
approximately 100 calories/hr, was released per gram of radium. Rutherford and his co-workers 
found through absorption mensurements that there were two kinds of rays! alpha rays, which were 
absorbed in the first few thousandths of a centimeter of aluminum, and beta rays, which were absorbed 
only by sections approximately 100 times thicker, The variation in the absorption of beta rays by 
matter (in terms of ionization) showed that the ionization was reduced to tho fraction e~ “4 of its 
original value, whore d is the thickness of absorber interposed, in centimoters, and u is the absorption 
coefficient. 

Range measurements by W. H. Bragg of the various particles revealed that several radioactive 
substances emitted alpha particles of different ranges, and the concept of a definite range for the alpha 
emitter was developed. Electrostatic and electromagnetic measurements of theso rays further sub- 
stantiated their character. Gas analysis experiments, which had shown that helium was present in 
uranium and thorium ores, now took on an added significance when it was shown that alpha particles 
collected in an evacuated vessel yielded a helium spectrum after a few days’ accumulation. By 1903, 
Rutherford and Soddy had shown that radioactive elements were undergoing spontaneous transforma- ' 
tions from one chemical element to another and that radiations were accompanying these trans- 
formations, Although it was known that these changes took place within the atom, the concept of the 
atomic nucleus did not emerge until 1912, when Rutherford and his co-workers proposed the nuclear 
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TABLE WI. The Actinium Series. 














Radioelement Commsnonding atompic _ Symbol — Rarliation _ Half-life, .- 
Actinouranium Uranium a2 26 a, 7.07 % 108 yr. 
Uranium Y Thorium 90 Ths. B 24.6 hr. 
Protaetiniuns Protactintum 91 Pats! a, 8.2 & 107 yr. 

0.8 1.2% Actinium 89 Ac?? B,e@ 21.7 yr. 
Radioactinium ‘Thorium 90 Th227 a,y 18.9 daya 
Actinium K Trancium 87 Fr23 Byy 21 min. 
Awtindim xX Radium §8 Ratt a, y 11.2 days 
Ac emanation (actinon) Radon 86 Rn?19 a, ¥ 3.92 sec. 
Actinitam A Polonium 84 Po a, B 1.838 X 107? sec. 
~100% | ~5 X 10% 
Actinium B | Lead 82 Pb21t By 36.1 min. 
Astatine 215 Astatine 85 At2is o ~1074 sec. 
Actinium C Bismuth 83 Biz By a, ¥ 2.16 min. 
99.68% | 0.82% 
Actinium CG’ Polonium 84 Po?tt « 5 X 1074 see, 
Actinium ©” Thallium BL Ty207 B, vy 4,76 min. 


Actinium D | Lead 82 Pb”? Stable _ 
(end product) . 








Source: reference (9), 


‘ 


TABLE IV. Natural Radioactive Elements and Their Neighbors in the Periodie Table.* 


Cd In Sn Sh Te I Xe 
48 49 50 51 52 53 54 


He Tl Pb Bi Po (At) Rn 
80 81 82 88 84 85 86 








Xe Cs Ba Ia Lanthanicles (rare earths) 
5+ 55 56 57 


Rn (fr) Ra Ac Th = Pa U Np Pu Am Cm qi Bk 
86 87 88 89 90 91 92 93 94 95 96 97 98 
: + Actinides——__--______—_ 











4 Bloments having naturally occurring radioactive isotopes arc noted in boldface. 


model of the atom, which was derived from his experiments on the scattering of the alpha particles by 
thin metal foils of varying atomic number. 

In 1905, Schweidler formulated a new description of the radioactive processes in terms of dis- 
integration probabilities, demonstrating the exponential law of decay, N = Noe~™, where No is the 
initial number of atoms, \ is the disintegration constant (in reciprocal time limits), and N is the number 
of atoms remaining undisintegrated after a time interval f. ‘The half-life, T1/,, of an element, the time 
taken for half of it to disintegrate, is related to the disintegration constant by the equation: 


‘Typ, = In 2/d = 0,698/0 
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It has been found that a few elements of atomic number lower than 81 have an 
isotope, usually of low relative abundance, that is radioactive. These are listed in 
Table V. It may be noted that the small percentage of potassium occuring as K%, 


Uranium series 


Thorium series 


Actinium serles 


238 14 238 
oa oe 92U 
231 
oiPae4 ofa 
227 
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2a 227 
ag Ac 29 Ac 
J 
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\ 
228 2274 223 
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Fig. 1. Decomposition schemes of the three naturally occurring radioactive series. 


decaying partly by internal conversion to A®, is responsible for the fact that argon is 
by far the most abundant of the helium-group gases in the atmosphere, and that A“ 
is by far its most abundant isotope. This explains why argon is found to have an 
TABLE V. Natural Radioactive Elements of Atomic Number below 81. 





Type of 





. - Half-life, Relative isotopic Stable 

Nuclide disintegration years, abundance, % products 
He Beta 10.7-12.5 Not determined He? 
ou Beta. §.1-7.2 X 108 Not determined Nw 
Ix40 Beta. 4.5 X 108 0.012 Ca” 
K? _— — At 
Rb* Beta 6.0 X 19% 27.2 Sri? 
La Beta 17.5 hours 0.089 Ce 
K* _ — Ba 

Sms Alpha 1.5 X 10" 26.6 Nd™s 
Lu Beta (88%) 2.4 X 10% 2.5 Hr 

K* (67%) — — Yb 

Res? Beta 4x 101? 62.9 Opt8? 


2 Jn this mode of deca; 


by the nucleus. 





y, known asinternal conversion, an orbiial electron is expelled and captured. 


RADIOACTIVE ELEMENTS, NATURAL 443 


TABLE VI. Ranges and Initial Velocities of Alpha Particles at 15°C. and Atmospheric Pressure. 











; Substance ; Range, om, Veloaity, em, see. ~ 
Uranium T, U2. le 2.63 1.39 X 10° 
Uranium TT, U2... 3.18 1.48 
Tonium, Th?) ee. B19 1.48 
Radium, Ra2,.......... beeen eee, 3.39 1.51 
Radon, Rn??,...........000......., 4.12 1.61 
Radium A, Pot)... 4.72 1.69 
Radium C, B44... 4.1 1.6L 
Radium C’, Po®4, 2.0, 6.96 1,92 
Radium F, Po... 20.0.0 0000, 3.87 1.59 
Thorium, Th... 2.59 1.38 
Radiothorium, Th2™.....00.0000000.. 4.02 1.60 
Thorium X, Rat. ...... 0.0.0.2, 4.35 1.64 
Th emanation, Rn?) 000000000... 5.06 1.73 
Thorium A, Pot... 0.0, 5.68 1.80 
Thorium C, Bit, 000.0000 0.000.000, 4.78 1.70 
Thorium ©’, Po... ee, 8.62 2.05 
Protaetinium, Pa... 3.67 1.55 
Radioactinium, Th®7,,............., 4.68 1.68 
Actinium X, Ra?4...... 00.02. ee, 4.37 1.65 
Ae emanation, Rm?) 2... 5.79 1.8! 
Actinium A, Po®), 00... ee, 6.58 1.80) 
Actinium ©, BRU... oo... ee. 5.51 1,78 
Actinium C’, Po®8. ee, 6.57 1.80 


Source: reference (LL). 





atomic weight larger than that of potassium, although it precedes potassium in the 
periodic table. Radioactive carbon, C™, is used for dating geological and archeologi- 
cal deposits (14). 

Particle Characteristics, There are a number of particles emitted by natural 
radioactive substances. These constitute the alpha particle, which is a doubly posi- 
tively charged helium nucleus, and the beta particle, which is an clectron. The 
neutron, which may also be emitted, does not occur as a spontaneous disintegration 
product but only arises from certain nuclear reactions; for example, if an alpha emitter 
were in cluse proximity to boron or beryllium, there would be an interaction between 
the alpha particle and the nucleus of the bombarded element which would release a 
neutron. ‘This process, which was discovered and correctly interpreted by the 
Joliot-Curies, was the forerunner of artificial radioactivity. 

Gamma rays (noncorpuscular electromagnetic rays) are also emitted by the 
disintegrating nucleus, whereas soft x-rays are frequently emitted as a result of extra- 
nuclear interaction. These types of rays are influenced by neither electric nor mag- 
netic fields and are similar to light in nature. 

With respect to absorption, the alpha particles -are the most easily absorbed, 
their ranges in air and metal being, respectively, of the order of centimeters and mi- 
erons. Table VI shows the ranges and velocities of the alpha rays emitted by various 

‘natural radioactive elements. The ionization produced by an alpha ray in air at 
atmospheric pressure and 0°C. depends upon its range but is of the order of 2.2 X 10° 
ion pairs. ‘The total number (4) of pairs of ions produced by an alpha particle amounts 
approximately to k = koR’’*, where iy is a constant, 6.3 X 10*, and FR signifies the range 
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at 0°C. A typical curve showing the variation of the ionization produced by an alpha 
particle with its distance from the source is shown in Figure 2. 

Reta particles are less easily absorbed, as their velocities are extremely high (ap- 
proaching that of light) and their masses are that of the electron. The ranges of the 
beta particle in air and metal are, respectively, of the order of hundreds of centimeters 
and millimeters. They exhibit an exponeutial decrease (first approximation) in ab- 
sorption of the type 7 = [ye7™, where Jy is the intensity of the beam before absorption, 
Tis the intensity of the heam after the rays have passed through a layer of thickness d, 
and w is the absorption coefficient of the medium. The iouigation produced by beta 
particles is about 1.5 ion pairs per em., which is of the order of 0.01-0.005 of that pro- 
duced by alpha particles per centimeter of path. As the absorption of the beta par- 
ticles is less than. that of the alpha particles, the path length is conversely greater. As 
will be seen in a later seelion, industrial use is made of these characteristics of the 

‘arious particles. 


IONIZATION, arbitrary units 





Q 1 2 3 4 5 6 7 
DISTANCE FROM SOURCE, cm, 


Fig. 2. Variation of the ionization produced by an alpha 
particle with inerease of distance from the source (11), 


The absorption of gamma rays is even more difficult than that of the alpha or 
beta rays, especially since they are not corpuscular and not affected by electrostatic 
or magnetic fields. The shorter the wave length of these rays, the greater their “hard- 
ness” and peuetrating power through matter. This is exemplified by the range of 
these rays, which is of the order of centimeters in metals and hundreds of meters in 
air. Here again there is an exponential curve of the type similar to beta-ray absorp- 
tion, save that the value of u, the absorption coefficient, is smaller. The degree of 
ionization produced in air by gamma. rays is of the order of 0.01 of that produced by 
beta rays. 

Measurement, Since frequently only microchemical quantities of the decay 
products of the naturally oceurring radioelements are availuble, and since some of 
these elements present a health hazard when handled in larger quantities, new sensitive 
methods of measurement had to be utilized for accurate qualitative and quantitative 
assay. These methods included Geiger-Miiller counting (see Electronics), which is 
essentially the generation. of an eléctric pulse in a high-voltage field produced through 
the ionization caused by a particle or photon; ionization-current measurement in a 


RADIOACTIVE ELEMENTS, NATURAL 445 


parallel-plate, open-air ionization chamber; range rneasurements in vacuum or low- 
pressure differential ionization chambers; particle and atom track analysis utilizing 
Wilson cloud chambers; proportional counting utilizing either a Geiger-Miiller counter 
in the proportional region or a photomultiplier with a discriminator circuit to deter- 
mine hoth the relative size and the number of pulses of each type; and photographic 
methods which involve essentially the exposure of special-type plates to the bombard- 
ing particle in order to determine qualitatively and quantitatively the number of par- 
ticles, types of particles, and type of interaction of the particle with matter through the 
utilization of different types of emulsions on the plate. The photographic method, 
which was quite crude in the early days of radioactivity, has now devcloped into an 
excellent analytical method (22). Calorimetric methods may be utilized for the 
measurement of large alpha or neutron sources. This method involves essentially the 
use of a calorimeter in a null-point setup, counterbalancing the heat produced by the 
absorption of the alpha particles in one of the calorimeters with the heat produced by 
a known electric current in an adjacent calorimeter. Chemical indicators which 
change their spectral characteristics upon bombardment by high-intensity sources 
ave now finding use in the field of personnel monitoring. These methods, which have 
been only briefly mentioned, have served as the basis for the mimerous devices which 
developed. 


Technology of the Important Natural Radioactive Elements 


The extraction of the natural radioelements is in principle not different from the 
extraction of the usual inactive elements. The procedures are based on the known 
chemistry of the elements. Thus, radium has chemical properties practically identical 
with those of barium. Consequently, the procedures in its extraction involve the 
facts that its sulfate and carbonate are only very slightly soluble, whereas its bromide, 
chloride, and hydroxide are soluble in aqueous solutions, Radium D (Pb**) is an iso- 
tope of ordinary lead and possesses identical chemical properties, Polonium is more 
similar to its horizontal neighbor bismuth than to its vertical neighbor tellurium. Itis 
amphoteric and can be expected to behave as a cation in solutions of pH less than 5. 
The element itself is quite metallic. In the electromotive series it is below silver but 
above gold and platinum. Radon is a noble (inert) gas like xenon, argon, etc. 

Two features in the extraction of radicelements are unusual. First, the analytical 
control is not accomplished by means of chemical analysis but by means of physical 
meastirements based on the radiations emitted by the sample. Second, the small con- 
centrations of the radioelements require the employment of carriers to minimize loss. 
The problem of measurement is dealt with in detail later in the article. The carrier 
technique may be illustrated as follows: 

The solubility of radium sulfate in water is given as 1.4 X 10-3 gram per liter. 
This corresponds to a molarity of 4.3 X 10-8 and to a solubility product of 1.9 * 107", 
Thus, if a solution contains 1 mg. of radium in one liter, that is 4.4 X 10~* gram-atom, 
one can expect to achieve almost quantitative precipitation by the addition of enough 
sulfate to produce a 1 Af solution, In actual practice, the removal of the 1 mg. of 
radium as 1.4 mg. of radium sulfate would be almost impossible in this way. The 
sulfate would not settle in a reasonable time. Consequently, before addition of the 
sulfate, it is usual to add a suitable amount of barium ion. This results in a quantita- 
tive removal of the radium carried down along with the barium as sulfate. (It may be 
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noted that it is believed hy some that, owing to radiocolloid behavior (see Radio- 
chemistry), no exact solubility product can be assigned to radium sulfate.) 

In a similar manner, iron (ferric) is used as a carrier for polonium in precipitation 
as the hydrous oxide in the separation of polonium from nickel by means of ammonia, 
Tnactive lead is au isotopie carrier for radium D, To capture racton, no special carrier 
is needed since it is in the gas phase. However, tu flush a container of residual traces 
of radon, if is adequate to “rinse” it with nitrogen gas. See also Radiochemistry. 


RADIUM 

Four isotopes, of mass numbers 223, 224, 220, and 228, occur naturally, The 
radium of commerce is radium 226, which occurs in the uranium series, derived from 
uranium 238, and has a half-life of 1620 years, sufficient to give it reasonable stability. 
Radium 223, derived from the less abundant uranium 235, and with a half-life of ouly 
11.2 days, is for these reasons much less abundant in uranium ores, and radium 228 
and radium 224, also of shorter half-life than radium 226, oecur in the thorium series. 

Radium (at.no. 88) is an alkaline earth element in chemical properties practically 
identical with barium. ‘Thus, the element is a shining white metal, which oxicizes 
very rapidly im air and decomposes water. Tts sulfate and carbonate are almost in- 
soluble in water, whereas the bromide, chloride, and sulfide are soluble. 

Raclitm is obtained from ores of uvaniim (qv.), of which the most, important 
is pitchblende. Developments since World War If have made the search for uranium 
deposits of great importance. Such searches are conducted hy teams of geologists 
who employ radiation-measuring instruments such as a Geiger counter to check speci- 
mens for the penetrating radiation of radium, which, in turn, indicates uranium. The 
most important development is airplane exploration utilizing a device patented by 
Goldstein and RB. Pregel G+) whereby large areas can be surveyed in relatively short. 
times. 

In the processing of pitehblende, a separation is made of the uranium from the 
radium and the other alkaline earths by means of an acid-sulfate treatment. This 
yields a relatively small precipitate of the alkalime earth sulfates and lead sulfate, which 
is washed free of uranium, This grayish precipitate is known as the “white cake’ and 
is the raw material of the racium vefinery. 

The white cake contains radium together with a large amount of barium (often 
added before sulfate treatment to insure maximum recovery of the raditun), some cal- 
cium, little or no strontium, and a significant amount of “radiolead’’ (inactive lead 
plus radium D, Ph), In addition, the white cake contains a large amount of silica. 
Other elements such as iron, silver, and rare earths are present, in variable amounts. 
The overall plan of the separation is to convert the radinm and barium to bromide so 
that, by fractional crystallization, the radium can be finally obtained as radium bro- 
mide of at least 90% purity, ‘This conversion is shown in Flow Diagram 1. 


(1) Salt Leach Reaction 
PbSO, + 4 Cl~ ———> (PbCL)?— + BOP 


The white cake is placed in a rubber-lined tank equipped with steam inlet, Water 
and sodium chloride are added so that on heating with steam a concentrated solution 
of sodium chloride is in contact with the white cake. After 3-4 hours the contents of 
the tank are rapidly brought onto a cloth filter covering a square wooden support. 
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Flow Diagram 1. Separation of Radium from White Cake. 
White cake 


Salt leach 
(hot satd, NaCl soln.) 














Filter 
Filtrate Residue 
Ph}, NaCl Ba(RajSO,, some PHSO,, silica 
Carbonation Carbonation 
(cold Na,CO3) (Na,CQ3) 
Filtrate Residue Ba(RajCO. 
NaCl, PbCO, pcb, ° 
Na,CO, silica 
Dissolve in HNO 
Filter 
Chloriding 
Filtrate Small residue (HC) 
Pb{NOs), silica, Ba(Ra)SO, Filter 
(radiolead’’) 
Crystallize and store 
for polonium extraction 
Filtrate Residue 
Ba[{Ra)Cip, PoC. silica 
Sullating Measure, recarbonate; 
(H,30,) dissolve in HCl; finally 
Filter remove as “residue of 
residues” for protactinium 
Filtrate Residue 
H280,, Fe Ba(Ra)$O,, some PbSO, 
“Purge” with BaCl,; Carbonation 
measure; discard | (Na,CO3) 


Ba(Ra)CQs, PbCO, 
Bromiding (HBr) 
" Filter 


Filtrate Small residue 
Ba(Ra) Bra, PbBra 


Tractional crystallization 


Filtration is under vacuum and must be rapid, Preheated water is used for two washes. 
The bulk of the lead is leached out by the salt, The filtrate and washes are collected 
in a large wooden tank for radiolead recovery. Speed is necessary in the operations of 
filtration and washing to prevent large quantities of lead chloride from crystallizing 
in the filter cloth, filter bed, and pipes. 


(2) Carbonate Reaction 
. Ba(Ra)8O, + CO}” ———> Ra(Ra)CO, + SOP 
Although barium carbonate is about ten times as soluble as barium sulfate, in the 


presence of a large excess of carbonate ion the above reaction takes place almost quanti- 
tatively. 
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After the salt leach, the white cake is carbonated. The white cake is loaded into 
steel tanks provided with steam aud water inlets and stirrers. [Enough water and 
soda ash are added to obtain a nearly saturated solition of sodium carbonate, which is 
boiled, by blowing in steam, for4-5 hours, At the conclusion, enough water is added 
to fill the tank. The next morning, the supernatant carbonate liquor, earryimg almost 
all the sulfate ion contained initially, is siphoned into a settling tank. Water and 
sodium. carbonate are added to the residue as in the first boil, and carbonation is al- 
lowed to proceed for 4-5 hours. The tank is filled with water, and the solids are 
allowed to settle. ‘The carbonate liquor is again siphoned into the settling taul, and 
the cake is poured onto a cloth filter and filtered. The cake is washed relatively free 
of sodium carbonate. Itis allowed to become filter-dry and brought into the chloriding 
tank. 


(3) Chloriding Reaction 


Ba(Ra)CO; + 2 HC! 





> Ba(Ra)?+ + 2Cl~ + CO:t -+ G20 
PbCO, + 2 HC] ——~» Pbh?+ + 2Cl- + COnt -+ FL20 


silies remains insoluble 


The carbonate cake is treated with hydrochloric acid until complete dissolution 
of the carbonate has occurred. A. rubber-tined steel tank equipped with steam inlet 
is used for the purpose, and the contents are filtered through a cloth filter and washed 
free of chloride ion. The filtrate is led into a glass-lined stecl tank. The residue is 
subjected to another recarbonation and chloriding. The residue from the second 
chioriding is the so-called ‘Riickriickstand”’ or ‘residue of residues,” which is meas- 
ured for radium content. Itis the starting material [or the extraction of protactinium. 


(4) Sulfate Reaction 
Ba(Ra}*+ + SOj- ———> Ba(Ra)80O, 


The chloride liquor is treated with excess sulfuric acid, and the system is agitated 
for the working day and allowed to settle. The sulfate liquor is pumped into a settling 
tank, and the sulfate cake is washed. After removal of the wash, the sulfate is put 
into crocks and allowed to settle. The wash is pumped off the now practically acid- 
free sulfate, and the sulfate is pumped into a special carbonation tank for the final 
carbonation. 


(6) Final Carbonation 
The samc procedure as in step (2) is used. The finished carbonate is washed free 
of carbonate ion. It is then ready for dissolution with hydrobromic acid, 


(8) Bromiding Reaction 
Ba(Ra)CO, + 2 HBr ——— Ba(Ra)?* + 2 Br- + COsf -+ HO 


The finished carbonate is treated with hydrobromic acid, either fresh or regener- 
ated (see below), in a tank similar to the chloride tank, until all the carbonate has been 
converted into bromide. The bromide solution is filtered through a cloth filter (sup- 
ported on chemical stoneware), and the small residue is washed and returned for re- 
carbonation with subsequent charges of white cake. 

Fractional Crystallization. When a solution of radium and barium bromides, 
somewhat acid with hydrobromic acid, is evaporated, crystals will form on the surface 
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when a certain concentration issurpassed. If the system is allowed to cool, two phases 
will develop, a crystal phase and a liquor phase. The ratio of radium to barium is 
higher in the crystal phase than in the liquor phase. Thus, if the liquor phase is re- 
moved and the erystal phases is dissolved in water and recrystallized, the new ultimate 
crystal phase will have a higher radium-barium ratio than the previous crystal phase. 
By many successive fractional crystallizatious or “turns,” it is possible to achieve 
radium bromide crystals whose purity exceeds 90%. 

The Mt. Kisco, N.Y., refinery uses glass-lined, steam-jacketed stee) evaporators, 
‘quartz’? (fused silica) basins, and Pyrex and fused silica laboratory ware. Frac- 
tionation is continued until a stage is reached wherein the liquor contains so low a con- 
centration of radium as to make its further fractionation needless. 

‘The product crystals, 90% RaBr, are dried, crushed, and introduced into weighed 
glass tubes. The tubes are reweighed and are sealed off in a flame, the sealing time 
being noted for each tube. The tube is then stored in a numbered lead cylinder, 
The radium value of each tube is determined by direct gamma comparison with a 
suitable standard. 

Regeneration of Hydrobromie Actd. The end liquor is essentially barium bromide 
solution phis impurities such as iron and lead. This solution is first made alkaline 
with barium hydroxide, precipitating the base metals, which are filtered off; this resi- 
due is the starting material for actinium extraction. The alkaline barium bromide 
solution is treated with excess sulfuric acid, which serves to precipitate all the barium 
and leave a solution of hydrobromie acid and sulfuric acid. The excess of sulfuric acid 
is removed by careful addition of slightly alkaline barium bromide liquor. This leaves 
hydrobromic acid, containing a slight amount of barium, which may be used as re- 
generated acid in the bromiding step. The barium sulfate is used as a carrier in. other 
operations. 

Radium sulfate is prepared by treating a solution of radium bromide with sulfuric 
acid. 

Radium chloride is not often prepared, but could be made by a method similar to 
that used for radium bromide. The bromide is preferred because it gives greater 
efficiency in fractional crystallization. Two successive fractional crystallizations of 
a radium-barium bromide mixture give crystals in which the radium-barium ratio is 
enriched fivefold; with the chlorides the enrichment ratio would be only twofold. In 
practice, if radium chloride or other special salt is required, it is prepared by conversion 
of radium bromide to radium. chloride, etc., usually by repeated evaporations with the 
acid of the desired anion. 

Recent studies have been made on the fractionation of barium-radium mixtures 
as chromates (88). 

Measurement. Radium itself is an alpha emitter. It is difficult and hazardous 
to measure this alpha emission to determine the value of a source. In practice, the 
gamma radiations of radium B and radium C serve to indicate the radium content of a 
source. Examination of the disintegration chart shows that radium generates radon, 
radium A, radium B, radinm C, radium C’, radium C”, radium D, radium E, and 
radium F, consecutively. If a source is open, radon will partially or completely escape 
since it is an inert gas. However, if the source is sealed against radon escape, the 
‘“yuildup’’ ensues, ‘The half-lives of the products from radon through radium C” are 
quite short, that of radon, 3.82 days, being the longest. Radium D has a half-life 
of 22 years and builds up relatively slowly, 
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A daughter product builds up in a sealed radium container, wntil its rate of decay 
equals tis rate of production. Tor example, radium C becomes constant when: 


@Npac/dt = MpecNrac — MapNin = 0 


where J is the respective disintegration constant, Nis the number of atoms, and ¢ is 
the time. Actually, in 30 days radium comes .to a steady state—“secular” equilib- 
rium—with radon and the short-lived products through radium C”, At this time, 
the gamma, radiation of a source can be compared with that of a standard radium 
source. The raditum content is proportional to the measured gamma radiation, 

It is not necessary to wait the 30 days required to reach the steady state cqui- 
librium, since rates of decay are known, and at any known time after sealing the 
percentage of the equilibrram value cau be calculated. Therefore, it is necessary 
merely to know the sealing time and measuring time to determine radium by gamma 
measurement. 

Tt is noteworthy that scaling of a source of radium means complete de-emanation, 
that is, complete expulsion of radon at the time of sealing. This can be effected readily 
enough with solutions, which need to he kept just below the boiling point for several 
minutes, or with radium bromide crystals, which need to be kept on a hot plate for 
approximately an hour before sealing. Tor other sources, such as radium sulfate or 
miscellaneous radium-coutaining solids, complete de-emanation is not feasible. This 
means that there is no known sealing time. To determine radium content in such 
cases, one measures the source at two or three different times which fall at least one 
day apart. Irom the intervals between measurements and the different values, it is 
possible to extrapolate to equilibrium. 

Gamma-ray measurement is performed with a variety of instruments. Low-value 
sources, between 0.01 and 500 micrograms of equilibrium radium, are measured with a 
Geiger counter. Intermediate sourees, between 500 micrograms and 10 milligrams, 
are measured with a Geiger counter or electroseope. Strong sources, from 10 to 150 
milligrams, are measured with an ionization chamber at atmospheric or high pressure 
in conjunction with a Lindemann or Compton electrometer. Whenever 1 measure- 
ment is made, care is taken that the standard bears the same geometrical relationship 
to the measuring instrument as the source and that its value is as close to that of the 
source as possible. This requires a set of standards to circumvent noulinearity of the 
measuring instrument, . 


RADON 


The emanation from radium 226 consists of Rn2"*, half-life 3.82 days. The tho- 
rium series gives Rn® (thortum emanation or thorom), half-life 54.5 sec., and the 
actinium series gives Rn? (actinium emanation or actinon), half-life 3.92 sec. Radon 
(at.no, 86) is a noble gas, m.p. —71°C., b.p. —61.8°C., crit. temp. 104.4°C., 
art. pressure 62.4 atm. It is completely inert, like the other helium-group gases. In 
working with radon, advantage can be taken of its much greater solubility in olive 
ott and in molten lanolin than in water. Radium which is sealed builds up radon until 


a steady state is reached where the disintegration rate of the radon exactly equals the 
buildup rate of raclon; that is: 


. AneVrn = Ann Rn 
This state is reached in approximately 30 days. 
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In the efficient extraction of radon, the radium is kept in aqueous solution to 
permit optimum withdrawal of the radon. This withdrawal is accomplished by means 
of a vacuum pump. The radon is either absorbed in molten lanolin or drawn off in 
glass or gold ‘“seeds”’ (see p. 458). It is not efficient to wait 30 days for the steady 


state to be reached, The reason for this is clear from inspection of the following data 
from the radon buildup curve: 


Buildup time, days.... 1 2 3 4 5 10 15 30 
Percentage of max.....16.57 80.40 41.94 51.56 59.59 83.67 93.40 99.99 


Thus, in four “millcings,” at intervals of two days each, a total of 120% of the 
radon at equilibrium is obtainable. Of course, this presupposes the immediate usc 
of the radon after each milking, before it has decayed to further daughter products. 

Measurement. Radon is extracted by sealing the gas in either glass or gold 
seeds or in lanolin in a sealed container. The radon decays to form, in turn, radium A, 
radium B, radium C’, radium C", and radium D. Through radium C", all the products 
are of relatively short half-life. These short-lived products tend to build up until 
their net rate of production is zero. However, this is never achieved in the case of 
radon freed from radium because of the siguificant fall-off in the decay rate of radon 
(owing to the short half-life). After 4-5 hours a state of transient equilibrium sets in 
where the quantities of radium A, radium B, radium C, radium C’, and radium C” 
are indeed not constant, but are changing only very slowly. It is at this point that a 
radon souree can be compared to a radium standard by gamma-ray measurement. 
This is conveniently done by means of a Geiger counter or electroscope. 


RADIUM D (Pb""") 


Inspection of Table I and Figure 1 shows that the uranium series passes through 
tivo radioactive forms of lead, before coming to a stop at the stable Pb**, (The tho- 
rium and actinium series also pass through a radioactive lead, in each case of relatively 
short half-life.) In the uranium series, of all the elements beyond radium, radium D, 
with a half-life of 22 years, is the only one with a half-life more than days, Conse- 
quently, radium D builds up in old radium preparations, There are a number of such 
preparations, that were made up in needles, cells, etc. for medical use, that have be- 
come outmoded through changes in medical techniques. When the radium is re- 
covered from these, radium D can also be recovered. Radium D in equilibrium with 
its decomposition products (of which polonium 210 has the longest half-life, 140 days) 
is 2 convenient alpha source virtually free from penetrating gamma radiation. The 
polonium, which is the alpha emitter, decays comparatively rapidly, but since it is 
renewed, the activity of the alpha source falls off only at a rate corresponding to the 
22-year half-life of radium D. 

Extraction from Aged Radium. The needles are cut and heated with excess sul- 
furic acid until fumes of sulfur trioxide appear. This serves to dissolve the sulfate and 
extract most of it from the needles. After cooling, the sulfuric acid containing radium 
sulfate, both dissolved and reprecipitated, is decanted away from the containers which 
are re-treated with sulfuric acid, after addition of barium sulfate to act as carrier. The 
sulfurie acid liquors are combined and evaporated to expel most of the sulfuric acid, 
after which the residue of sulfates is carbonated with soda ash, to be. converted into 
bromides, from which the radium (Ra?*) and barium bromides are separated by frac- 
tional crystallization. Before the first fractional crystallization, the solution is puri- 
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fied by adding barium hydroxide and hydrogen sulfide to precipitate the sulfide of 
radium 1) (Pb2, A part of the original radium —P is recovered from this precipitate. 

The earbonate liquor from the carbonation of the sulfates contains most of the 
radium 1) originally in the aged radium. The relatively small mass of radium 1D 
(13 milligrams per 1090 millicuries) dissolves in the large excess sodium carbonate. 
The carbonate liquor contaius little radium (Ra***), To recover the radium D, the 
following steps are lecessary: 

(1) Introduce excess hydrogen sultide to produce lead sulfide. 

(2) Vilter off the lead sulfide and eombine with the precipitate obtaimed on adding 
hydrogen sulfide to the bromide solution. 

(3) Dissalve in nitric acid. This gives x solution of radium D plus some inactive 
lead. 

(4) Calibrate the solution. 





Fig, 3. Extraction of radium D (36). 


Preparation from Radium. It is possible to utilize radium to produce radium D 
sources completely separated from the radium, as described by Blau and B. Pregel (36). 
The preparation of this source of radium D (Fig. 3) involves placing a strong radium 
solution 7, such as radium bromide or radium chloride in water, or Hahn’s preparation 
(radium, precipitated as carbonate, adsorbed on precipitated hydrous ferric oxide), 
having good emanating properties, m a closed vessel 2, and subjecting the solution to 
heat (as in the oven 3) to facilitate the removal of radium emanation (radon) from 
solution. The emanation is conducted through a tube 4 and suitable purifying ap- 
paratus 6 (which may consist of an electrostatic precipttator, an alkaline absorbent 
for hydrogen chloride, and a drying agent) to a freezing chamber 6 and a powder 7 
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maintained at a low temperature, for example, by immersion in liquid air 8, and the 
radon emanation is thereby deposited and stored in solidified form on the powder. 
Various metals, such as gold, rhodium, or aluminum, may be used for the powder, and 
this may afterwards be pressed or rolled into a thin layer. Alternatively, the powder 
may be a nonmetallic material such as glass or plastic. A concentration of radon is 
obtained far higher than would be possible in the gaseous state. When it is deter- 
mined that the desired concentration has been attained, the supply is cut off and the 
powder with the emanation frozen is allowed to stand long enough to permit the decay 
of the emanation through to radium D. 

Measurement. Radium D disintegrates to form radium E and radium F, in turn. 
Radium D and radium E ave both beta emitters; radium F is an alpha emitter. 
Radium D is measured by means of the beta radiation of both radium D and radium E. 
After 40-50 days radium E is practically in secular equilibrium with radium D. The 
beta radiation is then compared with that of a standard radium D--radium E source. 
This is done conveniently with an end-window Geiger counter of thickness not greater 
than 1.5 mg./em.?. Ideally the source must be of the sume thickness and general 
composition as the standard. 

A radium D solution can be calibrated by measuremett of built-up Po?!” Qudium 
¥) by means of alpha measurement. After the polonium is extracted, the solution is 
allowed to build up polonium for a further known period. The amount of polonium 
extracted at this later time is related to the amount of radium D in the solution, See 
p. 454, 


POLONIUM 


Polonium occurs three times in the uranium series, and twice each in the thorium 
and the actinium series, but the only isotope with more than a very short half-life is 
Po" in the uranium series, with a half-life of 140 days. This isotope occurs In appre- 
clable quantities in uranium ores, in which it was discovered by Mme. Curie. One 
millicurie of Po®” weighs 0.22 microgram. 

Special techniques are required to investigate the properties of polonium because 
it is only obtainable in very small quantities. These techniques are described by 
C. R. Maxwell (15). There are two allotropic forms of polonium, with transition 
temperature between 65 and 86°C., depending on the thickness of the sample. Heat- 
ing the low temperature form from — 190 to 25°C. produced shrinkage cracks, which 
was interpreted as a negative temperature coefficient of expansion. The high-tem- 
perature form melts at 254°C, 

Although polonium (at.no. 84) is in the same family as sulfur, selenium, and tel- 
lurium, it is more closely related chemically to its horizontal neighbor in the periodic 
table, bismuth. Itisamphoterie and behaves aso cation at pH below 5. With proper 
carriers, it is quantitatively precipitated as the hydrous oxide or sulfide, Its hydrated 
oxide is insoluble in excess ammonia. Polonitim lies helow silver and above gold in the 
electromotive series. 

Extraction from Radiolead Chloride. The process begins properly with the ex- 
tracted radiolead from the white cake. This is for the most part nonradioactive lead, . 
but with a greater proportion of Pb, Pb’, and Pb?* than normal lead, and con- 
taining a fraction of about 3 X 1078 (or 1 millicurie per pound) of radium D (Pb?*), 
The radiolead is in the form of lead chloride (solid) in equilibrium with a saturated 
solution of lead chloride in concentrated sodium chloride. The lead is converted to 
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carbonate by sodium carbonate with agitation at room temperature, the reaction 
being: 
PoCh + COR? ——> PbCO, + 2 Cl“ 
The lead carbonate is filtered, washed free of chloride, and dissolved in nitric 
acid in glass-lined vessels: 
PbCO, -+ 2 HNO; ———> Pb?+ + 2 NO; + H:0 + CQ: 


The lead nitrate solution is filtered and evaporated to crystals of lead nitrate. 
These are filtered, washed briefly with cold distilled water, dried, and stored in boxes. 
The date of packaging is entered on the lahel. Thus there is built up a stock of radio- 
lead nitrate from which the polonium is periodically extracted. 

The quantity of polonium produced by a given quantity of radium D is a function 
of time. ‘The expression for this function is given by Rutherford, Chadwick, and Ellis 


(19): 
Ny, = Norap(a exp {— Ad} + bBlexp — Ad} + e exp [— Ast}) 


where Norap = Number of atoms of radium D initially 
Np, = Number of atoms of polonium at time t 
0.693 








A, = Disintegration constant of radium D = “32 (year+) 

A» = Disintegration constant of radium E = %. = —) 

A; = Disintegration constant of polonium = i (day~!) 
and & = rdo/(A2 — AL) (Ag — An) 
b = dido/(Ar — Aa) (As — Ae) 


C= MaAo/ (Ar — Addr — Aa) 


(The three \’s and t must, of course, be expressed in the same units of time.) 

Calculation indicates that, i 100 days, 1 millicurie of radium D yields 0.39 milli- 
curie of polonium. The half-life of radium D is 22 years and the amount of polonium 
rises to 4 maximum of 0.87 millicurie after 2.3 years. Fyrom these figures, it follows 
that a balance should be taken betiveen fr equency of extraction and time of aging for 
optimum production of polonium. 

According to the method of Horn, Pavey, and B. Pregel, polonium can be sepa- 
rated from radiolead nitrate as follows: 

(1) Separation of polonium from the large bull of radiolead with an iron carrier 
by precipitation as hydroxide in approximately neutral solution. 

(2) Separation of polonium from the bulk of iron by deposition on nickel powder 
from a hydrochloric acid solution of the iron precipitate. Nickel precipitates the 
polonium, but not the iron. 

(3) Separation of polonium from nickel by dissolution of the nickel and polonium 
in nitric acid, followed by precipitation of polonium along with a small amount of the 
iron carrier, using ammonia. ‘The nickel forms a soluble complex ion. 

(4) Reduction of the amount of iron by deposition of the polonium on a nickel 
foil. The uickel foil is dissolved in nitric acid, a very small amount of iron is added, 
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and reprecipitation is carried out with ammonia. This yields the polonium together 
with 2a extremely small amount of iron oxide. The solids are dissolved in hydrochloric 
acid, and the solution is calibrated. 

Measurement. Polonium is measured by its alpha emission. In the polonium- 
refining process, polonium is deposited on nickel foils in practically molecular thick- 
ness. The alpha emission is measured by means of a sensitive fluorescent screen in a 
dark box which responds to the alpha particles. The light produced excites a photo- 
multiplier i111 a photocell circuit to give a current which is proportional to the strength 
of the source. The method has been described by Blau and Dreyfuss (3). Micro- 
curie values of polonium can be measured in an alpha ionization chamber with the 
Lindemann electrometer. Very large sourees of polonium have been measured calori- 
metrically; these measurements are based on the known heat developed by alpha 
emissiou. 


PROTACTINIUM 


Protactinium 234 ogcurs in the uranium series as an element of short half-life. 
In the actinium series, derived from uranium 235, it oceurs as Pa?? with a halt-life 
of 32,000 years. This isotope occurs in uranium ores to the extent of 0.8 gram per gram 
of radium. One millicurie of Pa”! corresponds to a mass of 20 milligrams. Protac- 
tinium is in the actinide series of elements. Its fluoride is soluble; the hydrous oxide 
and the phosphate are insoluble. 

Extraction. In the separation of radium from uranium, some of the protactinium 
is carried along with the white cake, presumably by the silica. Protactinium is 
recoverable from the siliceous “residue of residues.” The method of extraction out- 
lined below follows that of Grosse (10) and Agruss (1): 

(1) The silica content of the residue is reduced by caustic fusions. 

(2) After each fusion, the residue is dissolved in hydrochloric acid. Zirconium 
(with protactinium) is precipitated from the combined hydrochloric acid solutions by 
means of phosphoric acid. Titanium is brought back into solution by the addition of 
hydrogen peroxide, which converts the titanium to the peroxy form. 

(8) After the last fusion, protactinium is separated from zirconium by fractional 
crystallization of the chloride. The phosphate is decomposed with sodium carbonate, 
the carbonate is converted to chloride, and crystallization of the chloride removes most 
of the zireouium as zirconyl chloride. This fractionation is extremely efficient be- 
cause of the fact that zirconyl chloride is not isomorphous with the chloride of protac- 
tinium. 

Measurement. Protuctinium is an alpha emitter. It is measurable in small 
amounts in an alpha ionization chamber using a Lindemann electrometer arrangement. 
The lack of protactinium standards compels comparison with other alpha emitters 
such as polonium. The method has been reported by Blau and Sinason (5), 


ACTINIUM 


Actinium does not occur in the uranium series. In the thorium series Ac?™ 
occurs, with a half-life of 6.13 hours. A more stable isotope is Ac?*’, half-life 21.7 
-years, occurring in the actinium series as the product of protactinium. One millicurie 
of this isotope corresponds to a mass of 16 micrograms. In its chemical properties, 
actinium (at.no. 89) resembles lanthanum extremely closely. Consequently, actinium — 
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has the usual rare earth properties, namely, insoluble hydrous oxide, soluble Auoride, 
ete, 

Extraction. In working up uranium ores, a fraction of the actinium is carried 
with the white eake in the separation of radium from uranium as sulfate. In the 
subsequent radium refining, actinium is recoverable from the barium hydroxide pre- 
cipitate from the end liquor of radium fractionation. 

According to the methed developed by Pavey aud 2B. Pregel, actinium can be 
refined as follows: 


(1) Barium hydroxide residue is dissolved in hydrochloric acid. The lead 
chloride is filteredl off. 

(2) Lanthanum salt is added as carrier, 

(3) Lanthanum, with the actinium and rare earths, is separated from iron by 
meus of fluoride. 

(4) The rare carth fluorides are decomposed with sulfuric acid. Alkaline earth 
and lead sulfates are filtered off. 

(5) Cerium is eliminated by oxidation to the tetravalent state. 

(6) The actinium is concentrated by separation of lanthanum from the remaining 
rare earths, 

(7) ‘The actinium is separated from lanthanum by iou-exchange methods. 


Measurement. Actinium is a feeble beta emitter. Examination of the disin- 
tegration chart shows that gamma radiation is emitted by a number of its disintegra- 
tion products. Direct gamma-ray comparison is thus possible. As in the case of 
radium, the source is sealed to prevent loss of actinon (Rn**), The buildup eurve is 
complicated by the fact that at various stages in the extractive process, radioactinium 
(Th?*) and/or actinium X (Ra2”) are separatéd from the actinium, thereby breaking 
the chain. However, several widely separated measurements can serve to permit a 
close extrapolation, The lack of actinium standards compels comparison with other 
gamma radiations. Sealed raclium is used, but the rays must be appropriately filtered 
so that the result can be translated into actinium values. The following method is 
due to R. D. Evans: Using a Geiger counter in which the gamma radiation passes 
through 34-inch lead and 14-inch aluminum, the radium (in equilibrium) equivalent of 
the actinium source is related to the actinium as follows: 


13 millicuries of actinium = 1 radium milligram equivalent 


Uses 


Price. The price of radium varies from $20.00 to $25.00 per milligram, depending 
on the quantity. These prices are for the element itself as bromide, sulfate, or 
chloride. When there is an additional charge, it comes from the value of the containers 
which may be glass, Monel, gold, or platinum. ‘The average price for polonium is 
approximately $4.00 per millicurie, and for radium D approximately $45.00 per milli- 
curie, “ 

The uses of the natural radioactive elements are closely allied to those of the arti- 
ficial radioactive isotopes (see Vol. 8, p. 100). The largest use of natural radioactive 
elements is for luminous materials, followed by medical uses; industrial radiography, 
and other industrial uses, Tor preparing the luminous materials radium bromide is 
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used; this radium is usually nonrecoverable. For medical and industrial uses radium 
sulfate is more often used, because it is nonhygroscopie and extremely stable under 
long-term bombardment of alpha, beta, and gamma radiation. 

Radioactive Light Sources (Type A). The common type of battery-less light 
source which has been employed on an ever-inereasing scale is composed of a simple 
phosphor (see Vol. 8, p. 541) which is directly combined with a radioactive material. 
This self-exciting source is produced in wumerous eolors. The radioactive material 
usually used is radium, although polonium- and mesothorium-activated light sources 
are also utilized. The concentration of radium utilized is of the order of one part of 
radium to 20,000 parts of base pigment; hence these sources are nonhazardous. 

Although the predominant use since the discovery of radioactivity has been in the 
watch industry, where the luminescent compound serves as an indicator for the nu- 
merals and the hands of the dial, many interesting industrial and military uses have 
developed since, a number of which are listed here. In addition to watch-dial faces, 
luminescent markers are used on all types of indicators and gages wherever visibility 
is desired in darkened atmospheres, as on instrument panel boards, luminescent safety 
exit signs in theaters, and other public mecting places. For military use luminescent 
individual markers were developed during World War II which were only visible for 
short distances, thereby rendering the troops visible to one another but not to the 
enemy. Also developed were luminescent road markers, himinescent tape, lumines- 
cent maps, and star charts—-all aids for recognition and identification in the dark. 

Radioactive Light Sources (Type B). Another form of radioactive light source 
comprises an alpha emitter which may be separated by absorbers from a fluorescent 
sereen (4). This is advantageous as compared to the phosphor which is directly mixed 
with the radioactive material; the former may be utilized and turned off whe desired, 
whereas in the directly combined source particles are constantly bombarding the 
phosphor and the decay of the phosphor’s efficiency must be taken into account, im 
addition to the natural decay of the radioactive element. If a long-life alpha emitter 
is used (radium in equilibrium with its decay products), the decay of the light source 
is negligible over short periods of time, since the effective half-life of radium is of the 
order of 1620 years. In view of its properties this radioactive light source may be used 
as & constant or sscondary light standard both for the calibration of instruments 
(photomultipliers, photometers, etc.) and for automatic controls, such as an x-ray 
control device, bar or weight level control, and many. other controls which require 
light standardization. 

Medical Uses. 2aiernal gamma-ray therapy is administered either by means of a 
large amount of radium at a distance of several centimeters or with flat applicators of 
various radioactive strengths and shapes, with the radium relatively close to the sur- 
face. In the first instance, where large quantities of radium (desirable in the treat- 
ment of deep-lying malignant tissue) are available, the radium is in tubes distributed 
throughout the container or bomb, the head of which isa block of lead, closed except at 
the base, which is open so that the radium rays can enter the tissue when the bloclc is 
inuse. This method of treatment is known as radium beam therapy, teleradium ther- 
apy, or telecurie therapy. Iu the second instance, involving the use of small amounts 
of radium in the treatment of dermatological conditicns such as angioma, the radium 
usually is homogeneously distributed over tho surface of plaques which can be of 
various shapes and radioactive strengths. Plaques are flat applicators, used especially 
in dermatology, which allow the utilization of the softer beta rays; this is desirable in 
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the treatment of superficial conditions. Filtration of the rays is therefore reduced 
toa minimum, and the radium is covered ouly by a thin layer of metal, usually Monel. 

In intracavitary or interstitial gamma-ray therapy, the radiologist utilizes gamma~ 
emitting radium needles or radon seeds, which at first were made of glass. These sup- 
plied practically no filtration for the primary beta rays and the use of such glass seeds 
was later abandoned in favor of gold or platinum. Now, the practice is to supply 
gold seeds that contain varying quantities of radon. Such seeds have a total length of 
4.0 mm., an outside diameter of 0.75 mm., and a wall thickness of 0.38 mm. pure gold 
(24 carat). Such seeds are permanently implanted in tissue. A composite platinum 
or gold sced has also come into use. In this, the radon is first sealed in a glass capillary 
and the glass capillary, in turn, is enclosed in a platinum or gold filter of 0.3-mm. wall 
thickness, outside diameter of 0.9 mm., and radioactive length of about 4.00 mm. 
The general purpose of these composite seeds is that they lessen the possibility of 
leakage and are removable from the tissue, after the therapeutic dose has been attamed. 

Seeds are used for implantation in various types of tumors, frequently employing 
a crossfire technique in order to bombard a unit volume from numerous directions 
simultaneously and hence avoid overdosages to nontumorous tissues. Beta rays have 
been used in ophthalmological applications where the short range of the beta particles 
in tissue is particularly useful because it is important to protect the deeper structure, 
such as the lens, from deleterious radiation effects (20). The beneficial effects are the 
result of the ionizing property of the beta rays. Although this effect may be pro- 
duced by x-rays, it is dificult to prevent radiation to the deeper structures; this is 
not the case when using a radium D-radium E source (10), which is predominantly 
a beta emitter (negligible gamma ray). 

Alpha radiation has been utilized primarily for surface bombardment since its 
range in tissue is very small (order of microns). Radon sources are prepared in a 
lanolin base and, as such, are utilized in some dermatological conditions. Neutron 
radiation therapy, im which an element is implanted in the subject which produces a 
secondary radiation by neutron bombardment, is still in the experimental stage (6). 

Industrial Radiography (see Radiography, industrial; see also ref. (12)). Radium, 
usually as equilibrium radium, is used in industrial radiography. Depending on the 
intensity desired, from 100 milligrams to 5 grams of equilibrium radium forms a con- 
veniently portable source of gamma rays, equivalent to a high-voltage x-ray machine. 
Such a setup was used in World War II for radiographing enemy lines, shells, bombs, 
ete., without having to move them, thereby obviating the risk of a booby trap. , 

Static Elimination. Elimination of static electricity is based on the high specific 
ionizing power of the alpha particle. Air which is near sources of alpha particles loses 
its insulating properties and hecomes conductive, dissipating any accumulation of 
static electricity in neighboring substances. The quantity of static electricity which 
may be eliminated depends only upon the quantity of radioactive material present. 

Since alpha particles are easily absorbed, it is necessary to apply the radioactive 
material in the form of a thin layer in order to minimize the degree of self-absorption. 
Radium alpha sources present the complication of decay into radon which is a gaseous 
clement; hence it ts necessary to have a covering for the static eliminators, because a 
free radioactive gas would present a health hazard. An additional complication in 
using radium is the fact that there is also strong gamma radiation from radium in 
equilibrium with its decay products.. However, one may utilize polonium, which is 
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essentially a pure alpha emitter, thereby eliminating the objectionable health hazards 
of gamma emitters. 

A milligram of radium (= | millicurie) in equilibrium with its products yields an 
ionization current of approximately 2 X 10-® ampere at saturation voltage, whereas 
that from a millicurie of polonium is approximately 4.4 x 10-7, ampere (2). It is 
notable that saturation voltage is necessary to extract all the ions from the field upoul 
formation, so that no losses occur through recombination, The field strength is about 
250 volls per centimeter for 100 micrograms of radium coated on 1 square inch of 
radioactive foil. The formation of 2 X 1077 coulomb per secoud can easily be dissi- 
pated by this amount of radioactivity. The accrual of this static electricity, if not 
dissipated, would lead to the accumulation of 600,000 volts (assuming a capacitance 
of 20 micromicrofarads per square inch), which is a potential danger. 

Static eliminators are widely used in industry, for such applications as the static 
charge developed on paper rollers and in printing and packaging machines, rubber 
processing, plastics manufacture, textile manufacture, volatile guses passing through 
orifices, the microtoming of paraffin-emhedded tissue for histological studies, and the 
weighing of samples on analytical balances, 


CURRENT 


VOLTAGE 
Fig. 4, Resistance voltage curve of resistor condenser device (29), 


s 

Ionization Devices. Many radioactive devices are operable primarily because of 
the degree of ionization produced by the emitted particle, especially the highly ener- 
getie short-range, densely ionizing alpha particles. Rosenblum describes a simple 
radioactive switch which utilizes the ionization produced by a radioactive source 
either to make or to break a contact (80). This consideration is important in a low- 
current electrical cireuit in order to avoid the effects of varymg contact potentials, 
since the radioactive element serves as a switch for the physical contact of two or 
more current elements. 

Blau describes a device in which the ionization produced by a radioactive source 
decreases and stabilizes the breakdown or firing potential of a spark plug (81), Ina 
somewhat similar manner, Goldstein used a radium compound as in ionization source 
to stabilize the striking voltage of a glow discharge lamp (25). 

An ionization device utilizing scattered radiation to measure pipe thickness and 
the density of solutions flowing in the pipe is described by Irvine (18). A radium 
source is used as the gamma-ray emitter, and the geometrical arrangement is such that 
only scattered radiation is of consequence. Knowing the thickness of the pipe, it is 
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possible to measure the variation in density of the liquid flowing therem. Hare de- 
seribes 3 method of measuring the density of an inaccessible fluid through the simul- 
taneous measurement of the absorbed and scattered gamma radiation of radium (23). 

Resistance Devices. Perrin and Goldstcin (29) describe a radioactive condenser- 
resistor combination in which a radioactive matertal (such as radium or radon) is 
spread upon one of two plates of an air condenser. The radioactive material ionizes 
the variable air gap, which is adjustable by rack and pinion when it is desirable to vary 
the resistance of the system. The resistance may be in a range of 107-10!" ohms, de- 
pending on the quantity of radioactive material and the cesired range of operation, 
Tigure + shows a typieal curve depicting the variation of current with applied voltage. 
Between points 0 and 7 there is a constant-resistance range, the slope of which may be 
varied by varying the intensity of the ionizing radiation, the shape of the electrodes, 
the capacity of the condenser, the gaseous dielectric, or the pressure of the dielectric. 
The temperature coefficient in this range is Jess than 0.1% per °C., which compares 
favorably with resistances of the ohmie type in which there is a variation of 1-2.5% 
per °C. Between points 7 and 8 the current increases in varying proportion with an 
increase in voltage. Between points 8 and 9 is the third or constant-current range. 
Above put 9 the current increases sharply with an increase in voltage. It is ap- 
parent from the shape of the curve that this device may be utilized either as a constant- 
current ov constant-voaltage source when operating in the plateau region (between 
pomts § and 9) of the curve, or it may be utilized as a variable-current device when 
operating in the region between points 0 and 7. This gives a constant potentiometric 
standard, 

Another device which may be derived from operation in the 0-7 range is a safety 
kilovoltmeter. The current in this range is proportional to the applied voltage, with 
the additional safety factor that if the applied voltage is accidentally exceeded, the 
operation enters the saturated current range, and, hence, there is no possibility of meter 
damuge. 

Delay Devices. \. radioactive source may be arranged so thal its effect is a 
function of time. Tn a device by F. Perrin and B. Pregel (26), an ionization chamber 
containing radon gas, and a condenser, are both placed in parallel in an electrical cir- 
enit, As the raclon decays, the resistanee of the ionization chamber increases, and 
there is a voltage biild-up across the condenser, which lights a neon bulb when the 
starting voltage is reached. This may then secondarily actuate a relay or operate 
any other device, Many other applications are possible. 

Identification Devices. Robinson and Evans have presented a method whereby 
glass articles may be identified as to both quality and manufacturer (27). The in- 
corporation of a radioactive tracer into the object to be identified, such as a lens, 
gives an invisible means of identification without damage to the optical properties of 
the lens. 

Rosenblum (28) describes a device composed essentially of a number of wires at a 
high voltage, 5,000 volts, spaced 5 mm. apart and 2-3 mm. from a grounded, flat brass 
electrode. When radiation from an alpha source is present between the wires and the 
grounded electrodes a discharge occurs. The device may be used as an alpha particle 
counter, or else, by bringing up a radioactive source from a distance, the range of the 
alpha particles may be measured; this gives a mode of identification of the radioactive 
substance. 


Blau describes a device for measuring dimensional changes by attaching an alpha- 
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emitting foil to the body whose position is to be measured (2). ‘Lhis is performed in 
a liquid medium, in which the range of the alpha particles (which in air is normally of 
the order of 60,000 microns) is about 59-60 microus, A change of 2 microns, when 
operating at the end of the range of the alpha particle, may easily be detected, since 
alpha pavticles have distinct ranges and relatively sharp cutoffs as compared to other 
particles. 

Area-Measuring Device. Blau and co-workers deseribe a radioactive arca- 
measuring device (32). This integrator is useful for the measurement of irregular 
areas. It consists essentially of a plate uniformly covered with polonium which is 
placed far enough below a wire mesh grid so that only perpendicular alpha radiation 
can ionize the space between the grid and the top electrode. When a plane surface or 
irregular area is placed on the grid, the ionization current will be reduced by an amount. 
proportional to this area, since the grid mesh is at the same potential as the lower 
plate. <A radioactive grid resistor keeps the plate current of the amplifier tube con- 
stant for equal surfaces, notwithstanding the decay of the polonium. - 

Weighing Device. Blau and Ieuer describe a weighing device capable of record- 
ing weights of 1 microgram (83). It is essentially a three-plute differeutial open-air 
ionization chamber. Movement of the arms of the balance, on one of which is mounted 
a 200-microgram radioactive radium foil, produces a change of ionization in the cham- 
ber, which is directly proportional to the degree of movement, and thus indicates 
the weight. In view of the fact that extremely small displacements are utilized (0.5- 
2 microns per microgram), this type of microbalance may operate with a heavy center 
of gravity, as a result of which there is also a minimum change of sensitivity with 
load (7). It is also possible to attach a recorder to this type of instrument for con- 
tinuous weight observations. 

Radioactive Thickness Gage (Beta Gage). Blau has described a scanning device 
for testing the homogeneity and thickness of films, which utilizes the penetrating 
properties of the rays from radium B and radium C sources (2). A concentrated ra- 
dium compound which is essentially a beta emitter is utilized. The beta radiation may 
also be obtained from a radium D--radium E plaque which has a thin foil covering to 
absorb the alpha particles from radium F (polontum), The beta radiation penetrating 
a standard film is compared to that passing through the unknown film. his radiation 
may be measured directly, either through ionization chambers or through phototubes 
having fluorescent screens. Beta radiation may he utilized efficiently for the measure- 
ment of the thickness of many substances, since the absorption coefficient, of these rays 
is relatively high as compared to that of gamma rays, 

Neutron Source. Natural radioactive clements can be used as a source of neu- 
trons for nuclear reactions, since alpha and gamma emitters yield neutrons when 
combined with an element of low atomic number. Radium, radon, and radium D, 
Bi, and F ean all be used combined with beryllium, Yor a neutron source with a long 
half-life and 4 miuimum of gamma radiation, radium D, radium U4, and polonium, with 
beryllium, can be used. Such asource has an effective half-life equa! to that of radium 
D, 22 years, and gives a minimum of gamma radiation. 
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Radiochemistry may be defined as the study and utilization of chemical phenomena 
associated with the production and detection of radioactive isotopes. (See also Iso- 
topes; Nucleonics; Radioactive elements, natural.) Since the methods of detecting 
radioactivity ‘are extremely sensitive (see Electronics), « predominant. characteristic 
of radiochemistry is its concern with submicroscopie amounts of material, A radlio- 
active disintegration rate of 1000 events per minute is usually quite readily detectable, 
and from this rate the number of atoms of the unstable isotope in the sample may be 
computed through the use of the decay laws. The results of such computations in the 
cases of several common radioactive isotopes are given in Table [ and will serve to 
indicate that chemical operations with many common radioisotopes may be conducted 
at. concentration levels far below those encountered in ordinary studies. The terms 
“trace component” and “tracer concentrations” (derived from the term “radioactive 
tracer’) as used by radiochemists refer to this level of operation where radioactivity 
is the only method of detection. 


TABLE I. Amount of Unstable Isotope Corresponding to a Disintegration Rate of 1000 Events per 














Minute. 

Unstable ; : — — Amount — 
isotope Hulf-life Atoms Moles Grams 
[ui 8 days 1.66 X 107 2.76 X 10-" 3.62 X 107" 
Coe 5 years 3.78 X 10° 6,29 X 107 3.78 * 10-8 
Cu 5500 years 4.16 X 101 6.92 X 107 9.70 * 107" 
Th?8 10° years 7.58 X 10% 1.26 * 1075 2.92 * 1078 








The term radiochemistry was formerly used for what is now referred to as radia- 
tion chemistry (see Vol. 9, p. 536). 

Radiochemistry also encompasses several kinds of chemical manipulations with 
radioactive isotopes which may he carried out with weighable amounts of the chemical 
species. Normally this will not consist entirely of the radioactive isotope, which would 
present serious radiation hazards, but rather the stable isotopes of the element. The 
stable and unstable isotopes may be safely assumed to have identical chemical proper- 
ties in most kinds of operations. The weighable amounts of stable isotopes of the racio- 
active species are known as “isotopic carriers’ and permit operations closely allied to 
those of ordinary analytical chemistry. If the production of the radioactive species 
is by bombardment of its stable isotopes, then the isotopic carrier is initially present, 
except in the event that the activation reaction produces a significant chemical change. 

Many radiochemical operations may be accomplished through the use of macro- 
scopic amounts of a substance which does not contain the element of interest, while 
perhaps ‘containing one of similar chemical properties, for example, the use of barium 
salts in the isolation of radium. Such a substance may be called a nonisotopic carrier. 

The earliest work in radiochemistry was, of course, concerned with the isolation of 
the members of the “natural” radioactive series, that is, those radioactive substances 
which are decay products of the long-lived thorium and uranium isotopes. Pierre 
and Marie Curie, after incredibly laborious recrystallizations, discovered polonium 
and isolated a pure radium salt from uranium ore in 1898. The magnitude of this task 
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may be emphasized by a computation of the maximum abundances of radium and 
polonium in pure uranium, which are given simply by the ratios of half-lives: 


1590 years — 
ABL x 10° years 





Radium: 3.5 X 1077 atom fraction im U 


Polonium: __140 days _ = 8.5 & 107! atom fraction in U 
4.51 & 109 years 

The isolation of radium from uranium grew into a considerable industry, one in which 
a few grams of product is extracted from many tons of raw material. Since there are 
no stable isotopes of the element radium, the initial concentration steps offer excellent 
examples of the techniques of radiochemistry. Most of the principles of such opera- 
tions were established in the first quarter of the 20th century, using radium and other 
natural radioactive species derived from wanium and thorium. 

In 1984, with the discovery of artificial radioactivity, the field for investigation 
and application of racdiochemistry was enormously expanded and many additional 
elements were studied in trace amounts. In 1939, a radiochemical investigation, 
by Hahn and Strassman, of the activities induced by neutron bombardment of uranium 
produced the surprising result that these atoms had atomic numbers about half as great 
as the starting material, and thus the phenomenon of nuclear fission was discovered. 
The succeeding development of the nuclear chain-reacting pile for the production of 
plutonium gave birth to the second and by far the largest industrial application of 
radiochemistry. The radioactive products of the fission reaction and the new trans- 
uranium elements, particularly plutonium, are isolated from the uranium, where they 
occur in trace amounts, by application and further development of the basic principles 
of radiochemistry. 


Principles of Tracer Manipulation 


Coprecipitation by Mixed Crystal Formation. The principal step in the extraction 
of radium from uranium ore consists in the precipitation of barium sulfate from the 
dissolved uranium. This precipitate “carries” the submicroscopic amounts of radium 
and subsequent recrystallizations further concentrate the product. The mechanism 
of carrying is that of mixed crystal formation, or isomorphous replacement, and as 
these terms imply, the solid phase formed is thought to cousist of the normal barium 
salt crystal lattice, with submicroscopic replacement of barium ious by radium ions, 
since these two elements have quite similar chemical properties. 

The phenomenon of isomorphous replacement on a macroscopic scale is well known 
aud can occur when two ions of the same charge type have nearly equal radii. The 
requirements for trace replacement are considerably less stringent, and trace replace- 
ment may be observed in many cases where macroscopis replacement is not. For 
example, the salts BaCh.2H,O and PbCl: are not capable of macroscopic replacement 
and do not show the same crystal habit, but trace amounts of lead are readily i meorpo- 
rated in the barium salt. 

The efficiency of a given carrier precipitate for a given trace element is best de- 
scribed! in terms of the distribution coefficient, D, for the equilibrium replacement of the 
earrier ion B+ in the compound BX by the trace ion At: 


At(aq.) + BX(s,) AX (in BX) + Bi{aq.) 
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If we represent by a and b the amounts of tracer and carrier before precipitation, and 
by and y the amounts of tracer and carrier precipitated at any stage, then: 
u/y = D@ — 2)/(b — y) 


This expression, knowu as the Berthelot-Nernst, distribution law, xpplies to the com- 
plete equilibration of the solid phase with the supernatant sohition, which can be 
approached by lengthy digestion of a closed system in order to permit extensive re- 
crystallization. The percentage of tracer precipitated as a function of the percentage 
of carrier precipitated is shown for various values of D by the solid lines in Figure 1. 
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Fig. 1. Coprecipitation by isomorphous replacement: distribution between phases (8). 


In the actual formation of a precipitate at a finite rate, only the. last layer of solid 
formed need be considered in equilibrium with the sohition and the distribution law 
may be written in the form 


de/dy = Ma ~ 2)/(b ~ y) 


where A is a constant, characteristic of the system, called the logarithmic distribution 
cocfficient. When integrated over a finite amount of precipitation, the equation 
becomes: 

In [a/(a — z)] = Aln [0/0 — yl] 


which is known as the Doermer-Hoskins distribution law. The relation between per- 
centage of carrier and percentage of tracer precipitated for various values of \ is shown 
by the broken lines in Figure 1. 
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In principle, the values of D and \ for a given system should be identical. A 
relation between theye values and the relative solubilities of the salts AX and BX 
cannot be expected, however, since the activity of the trace component AX in macro- 
scopic amounts of the solid BX may be quite different from its activity m the pure 
state, Some comparative solubilities and values of D are given in Table IT. 


TABLE If. Solubilities and Distribution C Coefficients at 20°C. 








Solubility, Distribution 
Syste ™ _moles/100 u. E20 Ratio _ coefficient, D_ 
, BaBry 0.350 1.91 10 

RaBrz 0.183 

BaCl, 0.17! 2,07 4.5 
Rach 0.088 

Ba( NOs). 0.033 0.83 1.6 
Ra(NOug)s 0.0.0 

BaSO, 1.06 X 1078 {.63 1.8 
RaSO. 0.65 x 10- 8 


Source: ref, (7). 





For concentration of a trace species from a large volume of solution, small solu- 
bility of the carrier and tracer salts is the most important consideration, and couse- 
quently barium sulfate is used as the carrier in the first stages of radium isolation. 
Reference to Figure 1 will indicate that the Doerner-Hoskins distribution will favor 
the coucentration of the radittm in the precipitate, and therefore long digestions, 
permitting approach to the less efficient Berthelot-Nernst distribution, would not be 
advisable. At a later stage in the isolation of radium, the reduction of barium con- 
tent becomes important and a large distribution coefficient is helpful. Although 
barium bromide is not highly insoluble, it has a large distribution coefficient, permilting 
in repeated recrystallizations the eventual isolation of the more insoluble radium salt. 
Again the Doerer-Hoskins distribution increases the desired effect, as shown by 
Figure J, 

Coprecipitation by Adsorption. The familiur expressions describing the adsorp- 
tion of a substance from liquid or gas phase onto a solid surface, such as the Freundlich 
adsorption isotherm, «/m = ke'/", indicate that the amount of material adsorbed 
decreases with decreasing concentration. On the other hand, the fraction adsorbed 
increases with decreasing concentration, and therefore this phenomenon will be an 
important one in the tracer concentration regiou. 

Solid. phases of high surface area, such as charcoal, manganese dioxide, hydrated 
oxides, and sulfides, frequently exhibit a nonspecific adsorption which make them un- 
suitable for isolation of a particular trace species in the presence of others, but which 
render them useful as “scavengers’’ for the removal of whole groups of unwanted trace 
components from solution. In such a case, the desired radioelement would be kept 
in solution by use of a “hold-back carrier,’’ that is, a stable carrier for that element in 
sufficient concentration to reduce the fractional adsorption to a tolerable amount. 
This behavior is illustrated in Figure 2, which shows the adsorption of Ba?+ tracer 
(with various amounts of carrier) on a preformed lanthanum fluoride precipitate (4). 
In this case the adsorption is best described by the Freundlich equation with k = 
0.00175 and = 1.56. 


With many ionie solids, the nature of the sarface, particularly its charge, may 
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strongly affect the degree of adsorption. Surface charge may be positive or negative, 
depending ou which of the lattice ions is present in excess in the solution. This in 
turn will determine whether a positive or negative trace species will be adsorbed on the 
surface. The following tabulation illustrates this effect on the adsorption of thorium 
B (Pb?!) on the precipitates caleium sulfate and silver iodide (8): 


_ Prewipitntes oo eee Ca sO, CaSOy Agl Agl 
(exeess HSO,) (excess Cut le) Cexeess KT) Cexcess Agn Os) 
% thorium B eatried... 2... 6. 90 5 75 Ss 


Adsorption of trace ions on a solid surface can he used for surface area compari- 
sons, since the amount adsorbed is proportional to the surface area. of the adsorbent, wl 
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Fig. 2, Adsorption of barium tracer on preformed lanthanum fluoride solid (2 grams/liter). 


other factors being equal. A related technique, isotopic exchange with solid surfaces, 
has also been used in this manner. Ifa trace amount of a radioisotope, say thorium B 
(Pb#”) is introduced into the saturated solution above a lead precipitate, the active 
isotope rapidly distributes itself betweeu the solution and the surface of the solid in 
proportion to the total lead in these two phases. Exchange with the interior of the 
solid is slew and the amount of racdiolead on the solid as a function of time behaves as 
shown in Figure 3 (6). 

Ion Exchange (q.v.). The cation-exchange resins have proved especially well 
udapted to the separation of the complex mixtures of radioelements formed in the 
fission process, and in matiy respects their behavior exemplifies an adsorption phenom- 
enon, The resins are syuthetic organic polymers coutaining sulfonic, carboxylic, 
and phenolic acid groups whose protous may be replaced by other cations in an ex- 
change reaction represented by the following equation: 


Me+ +» RH y= RuM +n Ht 


If sufficient time is allowed for diffusion of the solutes through the porous resin, the 
process may be treated as a chemical equilibrium. The relative values of the equilib- 
rium constants for the exchange of protons and other cations is usually stated in 
terms of the “affinity” of the resin for a given ion. In general, the affinity increases 
with increasing ionic charge and with decreasing radius of the hydrated ion. Some 
examples of ion affinities are given below. 
Thit+ > Het > Zett 
— Att > Lait > Vit > Sci+ > Al+ 
Batt > Sr2+ > Catt > Mg?t > Bo? 
Agt > TIlt > Cst > Rb+ > NH] = Kt > Nut > Ht > Lit 
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Useful variations in the relative affinities of various ions can sometimes be produced 
by the use of complexing agents, thus introducing the additional equilibrium of com~ 
plex formation. This, of course, tends to hold the complexed cation in solution and 
may improve the distinction between two similar ions. 

In its practical applieation, the ion-exchange bears many resemblances to separa- 
tion by chromatography (qwv.). The resin, usually in the acid form, is packed in a 
columnar bed filled with water or dilute acid. The mixture of trace radioisotopes is 
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Fig. 3. Deposition of thorium B (Pb*‘?) on solid lead salts from saturated solutions. 


added at the top of the column in a solution of such composition and acidity that “ad- 
sorption” of all cations will be complete in a narrow band at the top of the resin bed. 
Then solutions containing concentrations of acid and complexing agent to produce 
differential “desorption” of the various ions are added, and the mixture is “developed” 
in its flow down the column. Figure 4 shows the variation of radioactivity in the efflu- 
eut solution in a typical separation of fission products (2). The single-stage equilib- 
rium separation of the various chemical species is multiplied many times over by the 
repeated equilibrations in the passage through the column, and by sufficient refinement 
of the technique, adjacent rare earths can be distinctly separated and identified. 

The particular advantages of the ion-exchange technique in the separation of trace 
radioelements lie in its indifference to the small concentrations involved and in its 


adaptability to remote-control operation when hazardous amounts of radioactivity 
are involved. 


’ 
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Radiocolloids, Numcrous studies have been reported which indicate that some 
radioelements behave, at trace concentrations, as though they were colloidal aggre- 
gates. Even though the predictions of known hydrolysis and solubility-product 
constants indicate complete solubility, the trace species can sometimes be separated 
from the superficially homogeneous solution by sedimentation, filtration, or diffusion 
techniques. This behavior has long been known for some of the latter members of the 
natural decay chains, which are isotopes of lead, bismuth, and polonium. In carrier- 
free solution, these radioelements tend to settle out slowly, the rate of settling depend- 
ing on various solution conditions such as acidity, presence of complexing agents, and 
presence of foreign particles. In the latter instance, it has been clearly demonstrated 
that careful filtration or centrifugation of water used in making up the trace solutions 
tends to decrease the degree of radiocolloidal behavior. This has led many investi- 
gators to ascribe the phenomenon to the adsorption of the trace species on submicro- 
scopic foreign particles suspended in the solutions. However, even the most vigorous 
purifications do not completely prevent radiocolloidal behavior under some circum- 
stances. 
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Fig. 4. Separation of fission producis by ion exchange. 


Oxidation and Reduction. Electrochemical and chemical oxidation and reduction 
of trace materials is a useful method of separation and study of trace species. ‘The 
standard electrode potentials of some of the unstable elements, such as technetium 
(at.no. 43) and polonium (at.no. 84), which can be studied only at the tracer level, 
have been estimated by observation of the critical deposition potentials. A potential 
difference is applied between two inert electrodes and the rate of deposition is measured 
as a function of the applied potential. The results for polonium are shown in Figure 
5 (5). The critical deposition potential is that potential at which the rate of deposition 
falls to zero and is obtained by. the indicated extrapolation. The anodic deposition 
potential is taken to correspond to the oxidation from the aqueous +4 valence state 
to an insoluble +6 oxide, whereas the cathodic deposition potential corresponds to 
reduction to the metallic state. An estimate of the concentration of the trace species 
together with an assumption of unit activity for the deposited form permits conversion 
of observed potentials into values of the standard electrode potentials. Values ob- 
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tained on some familiar elements through this technique agree satisfactorily with the 
results of conventional e.m.F. studies. 

Chemical oxidation or reduction, especially reduction, and deposition on the sur- 
face of a metal, has proved nseful in isolation of some trace radicelements. The ex- 
treme activity ratio obtained by simple contact of a metal with water permits dep- 
osition on quite noble metals, Separation of radium F (polonium) by deposition on 
silver and separation of radium EF (bismuth) by deposition on nickel exemplify this 
methad. 

Volatilization. Some radioelements are volatile im the elementary state or in 
‘anily formed compounds. With proper precautions this property may be used in 
separation of trace quantities. For example, 3.8-day radon, the decay product of 1600- 
year radium, is the heaviest member of the rare 
gus family and is commonly separated from solid 
or dissolved radium salts by gas manipulation 
techniques. This gas and the other rare gas 
members of the natural radioactive decay chains 
are known as “emanations” from the faut that 
they are almost imponderable vapors and must 

Anodic i be detected through their radioactivity and that 
deposition of their decay products. The rate of escape of 
emanations from solid salts in which radium has 
been incorporated may give useful information ou 
diffusion rates in the solid and ou specific surface 
area. 

Short-lived gaseous fission products have 
been studied by sweeping an inert carrier gas 
through a uranium solution subjected to neutron 
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Fig. 5. Electrolytic deposition of polo- Hes was passed through a cylindrical metal tube 
nium tracer. with a central wire. A potential difference be- 


tween the wire and the wall induced deposition 
of the decay products (which would he rubidium and cesium), Determination of these 
daughter activities as a function of distance traveled (time in gaseous form) permitted 
estimation of half-lives as small as one second. 

Solvent Extraction. The phenomenon of distribution of a solute between two 
immiscible liquid phases is adaptable to the manipulation of radiotracers in many 
instances, The distribution law followed at trace concentrations may be expected to 
agree quantitatively with that observed at macroscopic concentration levels, unless 
some extraneous effect, such as adsorption on the walls or liquid interface, interferes. 
When. the solute species in both solvents contains the same number of atoms of the 
element of interest, the partition of this element between the two phases will be inde- 
pendent of its concentration, This has been demonstrated in the case of partition 
of gallium tracer between aqueous hydrochloric acid solutions and ether, On the 
other hand, the partition of ferrie chloride between these solvents favors the organic 
phase at macroscopic iron concentrations, but not at trace concentrations. This is due 
to the fact that the solute in the organic phase is a dimer of ferric chloride. 

Complex formation, particularly with organic reagents, may enhance the solu- 
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bility of some elements in organic liquids. Clarrier-free zirconium may he efficiently 
extracted from aqueous solutions into benzene containing thenoyliriftuoroacetone. 
Numerous similar complexes of plutonium and its neighboring elements have been 
investigated with a view to development of concentration methods. In an opposite 
sense, the large solubility of uranyl nitrate in ether is used to remove tanium from 
aqueous solutions after neutron bombardment, This leaves the radiotracer fission 
products in the aqueous phase for further treatment unhampered by macroscopic 
amounts of uranium. 


Radiochemical Analysis 


Qualitative and quantitative estimation of radiotracers in a mixture produced by 
bombardment of some target substance is a special technique related to, but distinct 
from, ordinary analysis. The safest analytical procedure would involve addition of 
isotopic carrier for each element present, followed by macroscopic procedures for isola- 
tion and purification of each. However, some radioelement mixtures, such as those 
obtained in fission, are so complex chemically that it is inconvenient or impossible to 
add and separate macroscopic amounts of each element present. Therefore, these 
uncarried species must be treated in the light of the principles discussed in the pre- 
ceding section. 

A procedure for radiochemical analysis of a complex mixture of activities usually 
begins with the addition of known amounts of isotopic carrier for the species of interest. 
At this point complete interchange (equivalent distribution of tracer and carrier be- 
tween all chemical forms of the element present in the system) hetween the carrier and 
tracer must be assured. If the elements of interest have only one attainable chemical 
form in the working solution, or if rapid isotopic exchange occurs between all possible 
forms, complete interchange is immediately attained. On the other hand, some ele- 
ments, such as iodine, exhibit a variety of nonexchanging valence states in solution, 
and in such a case interchange must usually be brought about by oxidation and reduc- 
tion of the added carrier through the various forms. 

Next, chemical operations are undertaken to isolate the desired species free from 
contamination by all other activities. The methods used, in contrast to ordinary 
analysis, are selected for specificity rather than high yield. Thus, in radiochemical 
analysis for barium in a fission product mixture, barium nitrate precipitated from con- 
centrated nitric acid solution has been found to be especially free from contamination 
by other trace species, although a small percentage of the barium remains in the super- 
natant liquid. Decontamination or scavenger precipitations designed to sweep out 
contaminating trace species, while leaving the desired element in solution, may also 
be used, In the barium analysis, hydrated ferric oxide is precipitated with ammonia 
and efficiently carries trace contaminants of the rare earth group. Each of these 
operations of product and scavenger precipitation may be repeated several times to 
achieve the desired decontamination. 

The final product form for radioactivity measurement should be one of well- 
known and reproducible composition, should be of low molecular weight, and should 
be stable in the atmosphere. These requirements permit determination of the “chemi- 
ical yield” of the process employed—that is, ratio of carrier isolated to carrier added— 

‘and permit accurate radioactivity measurements. The activity of the isolated sample, 
when divided by the chemical -yield, gives the activity due to the element of interest 
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in the original mixture. In the barium analysis the product precipitate is BaCh.H.O, 
precipitated from hydrochloric avid-cther solution. 

The isolation of plutonium from bombarded uranium follows these same principles, 
except, of course, that no isotopic carrier is available. Produet precipitations alter- 
nate with scavenger or decontamination precipitations, with continual reduction in 
volumes of solutions and amounts of carriers used. Finally, the concentration of 
plutonium becomes great enough to permit microchemical operations for isolation. 


Hot Atom Chemistry 


When the niclens of an xtom undergoes a decay or capture reaction, the product 
atom is usually activated either by receiving u recoil impulse or by some disturbance 
of its extranuclear electronic structure. This activation may result in the appearance 
of the product atoms in an otherwise unexpected chemical stute. Stuce these atoms are 
produced only in tracer quantities, the methods of separation and identification de- 
setibed in the preceding section may be employed, or, if high specific activity is no 
object, carrier amounts of stable isotopes may be added for convenience in the sepa- 
ration processes. 

The outstanding example of such a chemical effect is found in the case of neutron 
capture, first demonstrated by Szilard and Chalmers in 1934. They subjected liquid 
ethyl iodide to neutron bombardment and observed that a considerable fraction of the 
radioactive iodine produced (I! (n, +) 18) could he extracted into aqueous solutions, 
particularly if these contained a mild reducing agent. This is practically a carrier- 
free solution of iodine activity, since the stable target atoms remain as ethyl iodide 
except perhaps for some microscopic decomposition by light, ionizing racliations or a 
thermal reaction. The great enrichment (increase in specific activity) achieved 
in the extract, in contrast to that attained in a simple bombardment, is frequently 
useful in preparing radioactive tracers for chemical studies. If an iodine activity of 
10,000 c./min. can be induced in a liter of ethyl iodide, without enrichment the specific 
activity would be only 6.4 c./(min.)(g.), almost undetectably small, whereas if the ex- 
traction yields half of the activity aud only, say, 1 mg. of stable iodine, the specific activ- 
ity would be 5 & 108 c./(min.) (g.), an enrichment by a factor of nearly 108. 

The decomposition induced by the process of neutron capture is attributed to the 
recoil impulse given to the product nucleus by the emission of the capture gamma radia- 
tions. Tor most nuclides, the neutron capture reaction is exothermic by 8-10 m.e.v., 
although this energy is rarely emitted in asingle quantum, However, there are usually 
quanta as encrgetic as 4 m.e.v. and allowing for some cancellation of momenta, if can 
be shown through the principle of momentum conservation that the recoil energy of 
the product nucleus in a typical capture reaction will be of the order of magnitude 
of 10-100 e.v. Since this is much greater than chemical bond energies (3-5 e.v.) and 
energies of thermal agitation (0.02-0.04 ¢.v.), it is clear that a capturing atom will 
almost always break a simple bond such as C—I, and will move off into the medium 
with considerable initial velocity (hence the term “hot atom”). The Szilard-Chalmers 
reaction is therefore generally a destructive effect—one which changes the capturing 
atom from a complex to a simpler form of chemical combination. Organic compounds, 
oxygenated anions, and Werner complexes have been found to provide the desired 
enrichment, as illustrated by the examples given in Table III. 

Szilard-Chalmers enrichment is obviously impractical with many elements such 
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TABLE III. Some Successful Szilard-Chalmers Reactions. 








Element Target compound Separation method Efficiency, % 
Mn KMnOx(s.) Dissolve, ppt. MnO, 80 
Mn KMn0O,(aq.), DH 3-10 Ppt. MnO. 95 
Fe Ky Fe(CN)ao(s.) Dissolve, ppt. Al(OFD,# 33 
Co Co(NF)a(N Oa)a(a.q.) Ppt. Co(OH), 86 
As . (CHy)sAsOONa(s.) Dissolve, ppt. AgsAsO; vis 
Sh SbIP,(L.) Nonvolatile residue 60 
Sb Sh(CeHs)a(s.) Dissolve in isopropyl cther 

extract with tartaric avid 60 
I NalOa(s.)" Dissolve, ppt. Agi 90 
I NalOs(aq.)’ Ppt. Agl 80 
I CelsI(1.)° extract with aq. I7, 820%" 85 
I Coll s1(1.) Extract with ag. 17, 8.037 30 








* A nonisotropic carrier for what is presumably Fe+ tracer. 
» Applicable also to other halogens, 


as the alkali metals and alkaline earths. The conditions which must be met may be 
stated in the following general terms: The element in question must be capable of 
existence in two or more mutually stable, separable, and nonexchanging chemical 
forms. 

The chemical effects of the neutron capture reaction (and some other reactions not 
discussed here) are especially notircable and useful because the nuclear reaction iu- 
volves no change in atomic number. Thus, only the chemical change induced distin- 
guishes the radioactive product atoms from the large body of unchanged target atoms. 
In contrast, nuclear reactions such as alpha and beta decay and the (7, ») reaction 
yield product atoms with an atomic number different from that of the target atoms, 
and therefore the radioactive spevics is chemically distinct, regardless of any other 
chemical change due to recoil or electronic interaction induced by the nuclear reaction. 
Nevertheless, it is of some interest to discover the particular chemical state of such 
products in case some variation is possible, and to study the influence of the state of the 
target species on that of the product. As an illustration, the case of the reaction 
N" (n, p) C4, which is important in the production of 5500-year carbon tracer, may 
be cited. Bombardment of various compounds of nitrogen yields carbon activity in a 
variety of species as indicated in Table IV (8). These results indicate that oxygen- 
bound carbon is 2 very likely product and occurs even when the bombarded form con- 


TABLE IV. States of C4 Activity Following n, p Reaction. 





Distribution ef C4, % 








Nitrogen target form CO, co SC Ny HON Aldehydes Aleahols: ‘Aoits 
NILNO,(s.) 81 19 0 0 0 0 0 
(NF)2CO(s.) 40 5 0 55 0 0 0 
N.H,2HCI(s.) 18 8 4 7h 0 0 0 

— 0 15 0 47 30 


NEHCH.COOH(s.) 8 qa 





tains no oxygen. This may be due to the presence of small amounts of this element 
as impurity in the compouud or to reactions which occur when the compounds are 
treated for separation. The high yield of alcohols and acids in the case of glycine 


474 RADIOGRAPHY, INDUSTRIAL 


bombardment suggests a possible application in preparation of complex C'-labeled 
compounds. 
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RADIOGRAPHY, INDUSTRIAL 


Industrial radiography is the science of nondestructive testing by means of penetrating 
radiation. This radiation may be z-rays, which are produced when electrons strike a 
target, or gamma rays, which behave like x-rays but are produced by disturbances 
within the nuclei. Gamma rays generally have shorter wave lengths and greater 
penetrating power than x-rays. Both x-rays and gamma rays are waves of electro- 
magnetic energy as are light and radio waves, but they have much shorter wave lengths. 
X-rays have wave lengths of 0.04-500 A; gamma rays have wave lengths of about 
0.010-1.40 A. (See also X-ray analysis.) 

Other radiations from nuclei, as yet not used in industrial radiography to any 
great extent, are alpha particles, positively charged helium nuclei ejected from some of 
the heaviest atoms, which may be absorbed by a sheet of writing paper; beta particles, 
negatively charged clectrons ejected from atoms; and neutrons, particles whose ab- 
sence of electrical charge enables them to penetrate deep into solid matter. Beta par- 
ticles are smaller in mass than alpha particles and have higher velocities ; they there- 
fore have greater penetration, up to 1mm. of aluminum, 

A radiograph is the shadow picture of an object produced by passing either x-rays 
or gamma. rays through the object. An “exograph” is a radiograph produced by using 
x-rays, a “‘gammagraph” one produced by using gamma rays. Exposure is the total 
quantity of radiation at a given point. The terms dose and exposure are frequently 
used loosely with no clear distinction. Dose is the radiation delivered to a specified 
volume and is measured in roenigens (r.). A roentgen is defined as that quantity of x- 
or gammia radiation such that the corpuscular emission (secondary electrons) pro- 
duces, per 0.001293 gram of air (which is 1 ml. at 0°C, and 760 mm. Hg pressure), 
ions carrying one electrostatic unit of quantity of electricity of either sign. 

The unit of activity of a radiation source is the curie (c.), which is defined as that 
quantity of a radioactive material which decays at the rate of 3.70 < 10” disintegra- 
tions per second. A useful rough formula for converting curies to roentgens is r. = 
6 e.c., where r. devotes number of roentgens from an unshielded source at a distance of 
1 ft.; ©. is the activity in curies; and e. the energy of the gamma, radiation in m.e.v. 
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The electron volt (e.v.) and million electron volt (.e.v.) are units of energy; Lev, = 


1.60 K 10-" erg = 3.82 x 10-" gram-calories. One roentgen per hour at 1 meber 

Q./br./m. or rh.) is a physical unit of radioactive source strength. It is an un- 
aiabiguous means of assigning a numerical value to the total “amount” of any radio- 
active substance which emits gamma rays or x-rays, whether or not the disinte- 
gration scheme is known. Thus 1 r.b.m. of Co®, for example, is that amount of Co" 
whose unshielded gamma ray emission produces 1 roentgen per hour of ionization in air 
at a distance of 1 meter from the source. If this source were then enveloped in a 
spherical lead shield such that transmitted gamma radiation produced only 0.1 r.4m., 
then the effective radioactive source strength of the shielded material would be 0.1 
rhm. It is considered good practice to employ enough shielding to limit the trans- 
mitted radiation rate to 6.5 mr.han. 


Portable instruments reading in roentgens per hour or milliroentgens per hour 
have been developed. They usually have iouigation chambers whose minimum linear 
dimensions are of the order of 10 em.; henec a couvenient source-to-detector distance 
is Jim, 


History 


On November 8, 1895, Wilhelm Konrad. Roentgen, then at the University of Wuerszburg, Ba- 
varia, was experimenting with «a cathode-ray tube when he discovered a startling phenomenon, 
Roentgen was ab the time working in a well-darkened room with this tube wrapped in opaque black 
paper, when, to his great astonishment, he observed that a screen coated with hartum cyanoplatinate 
which was lying near the tube showed a distinct fluorescence. With true scientific genius Roentgen 
traced the effect to its cause and determined the exact source of the rays which he called “x-rays.” 
So thoroughly did he investigate and establish their properties that very little was added to his find- 
ings for a period of 17 years. It was not: until 1912 that the nature of the rays was established and 
their location in the spectrum of electromagnetic radiations definitely determined. It was fitting 
too, that the theoretical and experimental investigations which led to this latter diseovery should 
have heen carried out in the Physics Institute of the University of Munich, of which Roentgen was 
then the director, 

The history of industrial radiography is as old as the discovery of x-rays itself, When Roentgen 
first desertbed his findings, he showed shadow pictures of his shot gun, his pocket compass enclosed 
inside a box, lead nails in 4 wooden door, just to mention a few. One of the first practical uses of x- 
rays was the examination of combustible minerals in 1898. Tt. was not until World War I that xray 
inspection was used on a large scale. The generating equipment wags still lacking in power and one 
inch of steel was the limit of successful penetration, In 1918, one of the large metallurgical research 
laboratories engaged Dr. Ancel St. John as the first full-time industrial radiologist. It was not until 
after Coolidge developed 1 more powerful tube in 1922 that the possibilities of wider application 
presented themselves. 

Dr. St. John established the first commercial x-ray Jaboratory in 1925. In the same year Pillon 
and Laborde used 1 radium source to inspect castings on board ship. This was the first: industrial 
application of gamma rays, although radium had been isolated more than 25 years earlier by Madame 
Curie, A period of pioneering and development work followed. The U.S, Government and some 
progressive companies installed x-ray equipment. In 1929 the first large-scale field inspection job 
was successfully executed by H. R. Isenburger, whose firm, in the same year, was retained to design 
and to install the first x-ray machine in a boiler shop for the inspection of welded seams in pressure 
veascls, Two years later, in 1931, the Boiler Code Committee adopted the construction of welded 
unfired pressure vessels provided the seams were radiographed. This requirement gave impetus to 
many more boiler shop installations and really constituted the start of universal adoption of radi- 
ography as an inspection tool, 

The most important application of radiogr aphic i inspection to chemic al technology is in the field 
of chemical equipment and installations. The chief advantege of this method is the fact that it will 
prove beyond any doubt the internal squadness of the object under examination. Terem lies its, 
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great value to industry; it will show up the smallest flaws within otherwise opaque material without 
destroying or in any way impairing its usefulness. 


Whether examining castings or forgings or welds or any other type of joint, a 
radiograph will reproduce the actual outlines of any defects, whether they be voids, 
cracks, or inclusions. With specialized technique it is possible to determine the accu- 
rate location of the flaws, or to establish the amount of corrosion that has taken place. 
This is not only of importance before new equipment is installed but also when over- 
hauling existing installations. Ttis thus often possible to retain used equipment which 
otherwise would have been replaced because of its age. In this way radiographic 
inspection may save money on replacement cost and may save time because operations 
donot need to beinterrupted, 

Sound material is of particular importance where high-temperature and high- 
pressure service is required. Centrifugal separators used to withstand severe cor- 
rosive action, formaldehyde thermosyphon reboiler heads, fractionating towers, heat 
exchangers of all sorta, and steam-jacketed esterification stills are a few examples of 
interest to the chemical engineer. 


Generation and Properties of X-Rays and Gamma Radiation 


X-rays are produced inside a vacuum tube when cathode rays strike a metallic 
hody. The cathode rays are a stream of electrons which travel at great. velocity. 
They are thermionically emitted by a coil of incandescent tungsten wire (heated by the 
passage of an electric current) and they are accelerated in the direction of the anode by 
the high-potential difference applied. At the anode the electrons penetrate a few 
microns into its interior but are ultimately absorbed and give up their energy in the 
form of heat. A very small part of their energy, 0.1-0.2%, is emitted in the form of 
x-rays. The exact fraction depends on the voltage of the original electrons and, 
with certain limitations, varies as the square of this voltage. The fraction also de- 
pends on the material that the electrons strike, and varies approximately as the atomic 
number of the target metal. 

The voltage and the target material also affect the wave length and the penetra- 
tion of the x-rays produced. The penetrating power of the x-rays increases with the 
voltage. The rays are not uniform in wave length, but the mean wave length varies 
approximately inversely as the voltage. The effect of the target material on wave 
length is more complicated, but it is not important in industrial radiography since 
tungsten is the only metal used in industrial x-ray tubes, except in special cases where 
gold and platinum are employed. 

The intensity of the rays falls off with distance from the source in. accordance with 
the inverse square law. The intensity is further reduced by absorption in any material 
in the path of the radiation. Thus the intensity of the rays reaching a particular 
point depends upon five factors: (1) the material forming the target, (2) the voltage 
applied to the x-ray tube, (@) the current passing through the x-ray tube, (4) the dis- 
tance from the target to the film, and (5) the absorbing capacity of any intervening 
material, 

The absorbing capacity or transparency of various materials depends on their 
atomic properties, their thickness and density, and to a large extent on the penetrating 
power of the rays hitting them. Aluminum, for instance, is about as transparent to 
x-rays as glass but ten times more opaque than water, whereas lead is almost entirely 
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opaque. Therefore lead is used in protective devices, since sufficient thicknesses of 
lead will absorb x-rays completely, 

X-Ray Tubes (sec ref. 10, pp. 43-48). Figure 1 is a diagram of an x-ray tube with 
a voltage range up to 400.kv. The essential parts of this x-ray tube are a highly 
evacuated glass tube inside of which are mounted the two terminals, a cathode (a 
filament wire surrounded by a molybdenum tube to focus the electrons toward the 
target) and an anode. The anode usually consists of a heavy copper rod with its face 
opposite the cathode inclined at about 20°. In this face is embedded a piece of tung- 
sten forming the target. Due to its inclination the actual focal spot size is nearly a 
point source, on & Construction known as the line-foeus principle. The effective size 
of the target being small, clearly defined radiographs are secured, while the true arca 
being large, greater energy can be used. High-voltage tubes designed in this fashion 
must be cooled by water or oil. Since the rays emerge in the form of a narrow cone, 
the area which can be covered in a single exposure is rather réstricted. The foeus-to- 
film distance, therefore, should be twice as great as the length of the exposed film. 

In industrial radiography the mounting of tubes is important for proper operation. 
Two factors must be considered: (1) protection against high tension and (2) protec- 
tion against x-rays. X-ray tubes used in stationary installations may be mounted in- 
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Fig. 1. 3W Water-cooled x-ray tube. 


side a lead-lined safety drum; often, they are oil-immersed and oil-cooled. Proper 
protective devices in this case present no great problem. It becomes more difficult 
with field units where bulky equipment would be meconvenient, and the tube head in 
particular should be as small and as light as possible. A suitable construction for 
field operation is an air-insulated tube head with a water-cooled target. The cooling 
problem is most important since more than 99% of the energy excited in the target is 
converted into heat which must be carried away if the tube is to function properly. 
X-ray tubes used in chemical technology are of different capacities. They are 
usually rated at 150 kv., 260 kv., 400 kv., and 1 or 2 million volts. While the first 
three sizes are similar in construction and of the type just described, the one- and two- 
million-volt tubes operate with the anode at ground potential, and, in contrast to all 
other tubes mentioned, consist of a metal cylinder instead of the conventional glass. 
Their target is located at one end of the cylinder which is about 3 inches in diameter at 
that point. Since the target is a flat surface, x-rays emanate to all sides, 
. High-Tension Equipment. Thc general term x-ray machine refers to the com- 
bination of a high-tension transformer, a means of rectifying the secondary output, 
and a control box or panel (see ref. 10, pp. 51-65). There may be more than one trans- 
former, or the windings may be divided into two or more séctions on the same core; 
these transformers or sections may be separated by rectifiers. Rectification may be ac- 
complished by means of high-voltage vacuum tubes. There are various ways of con- 
necting vacuum-tube rectifiers in x-ray tube circuits. The simplest one involves a 
single valve tube and condensers, This circuit is not extensively used alone, since for 
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the same transformer, twice the voltage could be had by the use of a second valve fube, 
The required capacity of the condensers will depend on the frequency of the allernating 
current supplied to the transformer. 

Numerous types of circuits are available for successful operation of x-ray units, 
The selection of the proper type is important for efficient use of the installation, Tn 
some cases it nay be desirable to have the generating equipment in a separate room or 
housing to assure perfect safety against electrical hazards. High-tension cables con- 
nect the ray-proof and shock-proof x-ray tube head with the transformer. This tube 
head is usually mounted on a flexible tube stand. The staud may be located inside 
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Fig. 2. (a) Greinacher circuit. (6) Greinacher waveform. 


the lead-lined exposure room. For field work, flexible lead shields must be provided 
to protect the operator and other personnel against exposure to direct and scattered 
radiation,. The unit is connected to a 220-volt power supply line by a three-wire 
siugle-phase cable, properly grounded. During the exposure, the operator handles the 
switches and watches the meters mounted on the control panel. ‘The filament current 
is measured in milliamperes and indicated on a meter on the panel, Separate meters 
are available for the valve tubes which require adjustment from time to time. The 
high tension is measured in kilovolts, also indicated on a meter. Control knobs serve 
to regulate the current supply to the tube, and the control board. also has circuit 
breakers, safety switches, signal lights, etc.’ _ 
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There is one type of 260-kv. unit available which is selfrectified, that is, the x-ray 
tube serves as a valve at the same time. Naturally, the cost of such a machine is 
less than when two valve tubes have to be employed to obtain the same output. 
It is quite suitable for plants where occasional x-ray worl: has to be done. However, 
for continuous operation, the more complicated rectified units are more advantageous 
since they save tube life and permit a larger scale usage. Tn chemical technology the 
use of portable x-ray units muy be advantageous to inspect, material insitu. Such units 
are available at voltage ranges up to 400 kv. Figure 2 shows the Greinacher recti- 
fying circuit which is a half-wave constant potential circuit of conventional design (10). 

In the million-volt machines the x-ray tube itself is the metal core of the trans- 
former. The latter is filled with Freon gas instead of thé customary oil. These in- 
stallations, however, are too costly for the average shop. Betatrons, up to 30 nue.v., 
are in occasional use today for radiographic inspection. ‘They are mostly used on 
ordnance material and find little application in chemical technology. Such a unit, re- 
quires a building of its own. Even million-volt installations are usually honsed in 
specially constructed enclosures where very heavy concrete walls, up to 50 in. thick, 
serve as protective shields rather than lead which would he too expensive because of 
the amounts required. (See also reference 7.) 

Although an even more powerful radiation can be obtained by the 80 m.e.v. 
synchrotron, very little is gained for radiography in the higher voltage range, since the 
absorption of radiation in metal does not change much between 10 and 50 m-e.v. 
For equal focus—film distances, the field of coverage decreases with rising electron 
voltage. The sensitivity and latitude are essentially the same through steel for all 
energy radiations from 10 to 50 m.ev. Penetrameter sensitivities of 2% at 1 inch 
and progressively down to 0.5% on 9 inches of steel can be expected with a betatron 
operating at about 15 m.e.v, Such betatrons are designed for continuous operation 
with an output m excess of 200 roentgens per minute and an effective focal spot of less 
than | mm, in any dimeusion. 

Gamma-Ray Emitters. Gamma-ray sources fall into two groups: those which 
emit the radiation naturally, and those which have been made radioactive artificially. 

Natural Sources (see Radioactive elements, natural). The only naturally radio- 
active element which still finds application in industrial radiography is radium (see 
ref. 10, pp. 179-193). It has a half life of 1620 years, and its spectrum shows many 
energies between 0.24 and 2.20 me.v. The radiation, at a range of | m. from a source 
shielded in a 0.5 mm. platinum sheath, is 0.84 mr.h.m./me. Radium sulfate is the 
form in which this element is used for radiographie purposes. 

Radium decomposes at a constant rate into the gas radon which, im turn, pro- 
duces a series of decomposing solids, some of which give off gamma rays. The strength 
of these rays is proportional to the amount of radon present. If the radon is left in 
contact with the radium from which it forms, it builds up until equilibrium is reached. 
When its rate of formation equals its rate of decay, its radiating strength is then pro- 
portional to the amount of radium, Either radium or radon may be used for radi- 
ography, but the necessary exposures are different. 

Radium can be rented if and where required, but radon must be purchased out- 
right. The strength of this material diminishes rapidly; its half-life period is only 
about 4 days, Since industrial radiography deals mostly with long exposures, ad- 
justments in exposure times are considerable when compared with radium of equiva- 
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lent initial strength. Radon, therefore, does not find many applications in industrial 
radiography. 

There is but one other natural radiouclive material that deserves mentioning, 
mesothorium and its emanation. The balf life of mesothorium is 6 years and its pur- 
chase price about one third that of radium. It is used and produced only in Germany. 

Radioisotopes (sce Isotopes; Nucleonics), Since radium is rare and expensive, 
radioisotopes such as Co® are used in place of radium in industrial operations. Be- 
side Co™, Ta!®? and Th! are used in industrial radiography. Radiocobalt, for in- 
stance, has a very convenient feature; any desired shape can be machined from in- 
active metallic cobalt and then be activated in an atomic pile. Any radioactive 
material to be a suitable source must be of high specific activity and small dimensions, 
to compare favorably with the foeal spot of an x-ray tube. The isotope used must 
have a reasonably long half life, and its decay scheme must be such that garama radia- 
tion of suitable energy is emitted. The radiation from Co” and Ta'® is useful for 
penetration of steel 1-8 in. thick. Ir? with its lower-energy gamma rays is suitable 
for steel }4-2 in. in thickness and is specially useful for short-distance work inside pipes, 
etc., and for the radiography of small metallic objects. ‘Though its half life is short, it 
can be reactivated. It is good practice to use Ir? sources in rotation; while one is in 
use others are being processed. This procedure makes their use more expensive than 


TABLE I. Gamma-Ray Emitters. 

















Useful thiek- 
; Qutput, ness range, 
Element : Half life Gommo-ray energies, m.c.v. mehwm./me. steel, in, 
High Energy 
Radium 1620 yr. 0.24-2.42 (0.7 mean) 0.84 14-6" 
Na® 15 hr, 1.38 and 2.758 —_— 1-10 
Bets 85 d. 0,89 and 1,12 1.1 34-6 
Cot 5.3 yr. 1.17 and 1,33 1.3 34-6" 
Shit 60 dd. 0.6 (05%) 0.714 (24%) 1.2 13-6 
1.7(70%) 2.06 (6%) 
Ta Wee llld, 0.152(2%) 0.222 (4%) 0,61 34-6" 
1.189 (37%) 1.225 (57%) 
Ew, Huss Gyr. 0.12-1.2 0.55 13-6 
Anes 250 d. 1.114 (50%) 0.30 34-6 
Medium 
Cagis 2,3 yr. 0.568 (25%) 0.602 — 1.15 15-3 
(100 %) 0.794 (100%) 
Shy 328 2.7 yr. 0.035-0. 637 0.72 Y-2 
Cats? 37 yr. 0.662 0.37 Lig-2 
: Beta 1.2 (8%) 0.51 (95%) 
Tri? T4d. 0.137-0.651 (0.35 mean) 0..27 14 6-2 
Sev 127 d. 0.067-0 . 405 0.30 Y,-114 
Low . 
Ce™ 290 d. 0.13 (strong) | Aluminum 
Tm 127 d, 0.085 (10%) 0.0045 Aluminum 
Beta 0.97 , 











a Greater ‘thicknesses may be penetrated successfully by using larger amounts of Ra, Co™, or 

Tal®, but these require remote control handling devices for safe operation, ms Gol, on 
* Recommended lead thickness for shipping containers; Co%—83 in. Ph up to 250 me.; 4 in, Ph 

300-500 me.; 5'/2in. Ph 500 me. to Le, Tr#%—1/, in, Ph up to 500 me; Lin. Ph 500 me. to 2 ¢. 


RADIOGRAPHY, INDUSTRIAL 481 


that of Co®, but it is still much cheaper than x-ray equipment, A suitable source of 
Ir has an activity of 2 curies with a pellet size of 1X 1mm. It must be produced in 
a position of high intensity flux to provide a satisfactory radiation. A promising new 
isotope is Cs!*”_ The sources are approximately 2 mm. in diameter and contain about 
200 millicuries of Cs". The 87-year half life is a great advantage and its gamma 
radiation resulting from its twin barium 137 (half life 2.6 min.) is monochromatic, 
though it is not possible to get as much activity into a small source as is possible with 
Tr, It is generally agreed that Cs will be the most useful source for racdiograpliy 
in the years to come, that is, provided an economic method can be developed for 
separating it from fission products. Table I gives some data, on gamma-ray emitters. 

Comparison of X-Rays and Gamina Rays. Until suitable isotopes are found, 150 
kv. x-ray equipment is the ouly useful source of radiation for magnesium, aluminum, 
and their ligbt-metal alloys. For most purposes in industrial radiography, 260 kv. 
machines are preferable. They are useful on low-atomic-weight materials as well as 
on stecl up to 214 in. thick. If the use is only occasional, such as most problems in 
chemical technology would require, the use of Ir! or possibly Co™ is called for. 
According to Table I, Ir? is suitable for steel between 14g and 2 in. wherens Co can 
be used from 34 to 6 in. of steel, Thus all x-ray machines of higher power rating can 
be substituted for by radiocobalt. 

Because of the great expense and bulk of million-volt x-ray installation, Co is an 
ideal replacement. Besides being a much smaller source, lighter to carry, and easier 
to move than a high-voltage machine, Co™ is free of fragile parts that can become de- 
fective and does not require a source of electrical power, another great advantage in 
field inspection. ‘The cost of a complete Co™ set up is about 5% of that of the cheapest 
260-kv. x-ray machine and less than 1% of a million-volt unit. The purchase price 
of a 500 me. source of Co with its 5,3 year half life is just about equal to the yearly 
rental cost of an equivalent amount of radium. The one big difference between these 
two gamma-ray sources is the fact that, Co can be obtained with a focal spot size 
about one quarter of that of a radium pellet. The smaller the focal spot, the better 
are the details in the resulting gammagraphs. ‘able II gives a comparison between 
x-rays and gamma rays. 


TABLE I. Comparison of X-Rays and Gamma-Ray Sources, 





X-rays’ Gamma, rays 





Advantages 
Shorter exposure time Co® ean, he shaped to any desired form before heing activated in 
the pile 
Smail vind light, can readily he transported and used when and 
where needed, casy to handle 
A number of objects ean be exposed simultaneously (carrousel ex- 
posures). Irregular objects can be exposed without additional 
yuild-up 
No attention required during exposure 
No elestrical hazards 
No appreciable scattering effect 


Disadvantages 
Great expense Cannot be turned off 
Great bulk Long exposures required 
Repair and upkeep cost _ Jess contrast 


Power supply required 
Skilled operators required 
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Radiographic Technique 


Absorption of Radiation. In radiography the rays that are neither absorbed nor 
scattered, but remain after passing through (he material, leave a record on photo- 
graphic film such that the various parts of the object cast shadows of varying density 
depending upon how nmuch radiation has been transmitted. If a sheet of aluminum 
1 mm. thick is held between an x-ray tube and a fluorescent screen, the aluminum will 
east a shadow of about the same darkness as the flesh of a thin finger or as a layer of 
water 10 nun. thick, A second sheet of aluminum, added to the first, will increase the 
density of the shadow, but will not, quite double it. If sheets of platinum or lead, 0.1 
mm. thick, are held between a source and a sereen, the shadows will be much darker 
than those cast by a sheet of aluminum ten times as thick. Even though the sheets 
of platinum or lead have the same thickness, and platinum and lead have nearly the 
same atomic munber, there will be a considerable difference in the density of their 
respective shadows. That produced by platinum (atomie number 78, sp.gr. 21.47) 
will be much darker than that produced by lead (atomic number 82, sp.gr. 11.34). 

The degree of reduction in intensity through any material varies widely. It 
depends on: (f) The voltage applied to the terminals of the x-ray tube, that is, on 
the wave length of the radiation. The greater the voltage, that is, the shorter the 
wave length, the smaller the reduction in intensity. (2) The atomic number and the 
specifie gravity or density of the material. The greater they are, the greater will be 
the reduction in intensity. 

Caleulations and experiments show that the intensity of x-rays increases with the 
square of the voltage, but that the reduction of intensity of xrays by any particular 
material decreases t1 proportion to a yet higher power of the voltage. Therefore an 
increase in voltage does not produce proportionate effects in the silver bromide of 
photographic emulsions. The effects are smaller than would be expected, because, 
although the higher voltage creates more x-rays, it shortens the wave length at the 
same time, thereby increasing the pconetrating power and reducing the amount of 
radiation which is absorbed, 

The only way the penetrating power of gamma-ray emitters can be changed is by 
using 4 more powerful source. While the quality of radiation remains constant for 
each isotope, the quantity determines its usefulness for a given problem. 

Scattering of X-Rays. There is always some scattering when x-rays pass through 
matter, and this results in fogging and bhuring of the exograph. Scattering ean be 
reduced by: (/) placing a lead diaphragm in front of the tube with an opening just 
large enough to let a small beam emerge, (2) carefully screening the sides of the object 
under investigation, and (8) backing the film with lead. The scattering will then be 
restricted to that inside the material. On meédium- and high-atomie-weight materials 
scattering is not: detrimental unless it is necessary to penetrate a great thickness which 
requires a higher voltage, and therefore considerable increase in scattering. Above 2 
inches of steel, for instance, a set of filters is employed in [ront of the film to eliminate 
scattered radiation. Similar filters are used when x-raying aluminum, wood, or other 
low-atomic-weight materials which are greater scatterers than, say, steel and copper. 
When using gamma-ray emitters, very little scattering takes place, and it can be ig- 
nored to all intents and purposes. 

Radiation Optics. The intensity of radiation diminishes proportionally to the 
square of the distance between the focal spot and the object. Thus a film exposed at. 
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24 in. from the target, for instance, requires four times as long an expostire to assume 
the same blackening as a film exposed at a distance of 12 in. 

For each object to be radiographed there is an optimum voltage. In the first. 
place, a sufficient voltage is necessary so that an appreciable amount of radiation will 
be transmitted through the object. On the other hand, as the voltage is increased the 
effective wave length of the transmitted radiation decreases and, therefore, a smaller 
percentage will be absorbed in the film, Furthermore, the variations of density in 
the object and the nature of the information desired musi. be considered in determining 
the proper voltage to be used. The best results would be obtained if it were practical 
to use monochromatic radiation of the correct: wave length, but since an xray tube 
emits a heterogeneous beam, calculations must be based upon the average or effective 
wave length of the beam, ‘The same holds true for most gamma-ray sources, but Co 
gives almost monochromatic radiation, smece it has only two wave lengths close to- 
gether. 

The amount of blackening of the photographic film depends upon the amount of 
radiation energy absorbed in the emulsion, withm certain limits. The factors which 
determine the correct exposure are: (1) wave length of radiation (as determined by 
kilovoltage); (2) intensity of radiation (as determined by milliamperage); (3) 
focus-film distance (according to the inverse square law); (4) scattering of rays 
(depending upon proper shielding and filters); (6) absorption of radiation; and (6) 
the leugth of the film exposed. The absorption depends upon the thickness of the ma- 
terial, its atomic number, and its specific gravity. When a souree of radiation is 
placed above the center of a flat plate, the rays which strike the center of the plate 
are normal to it and will have the least thickness of metal to pass through. The rays 
which strike the plate out toward the edges at an angle will have to penetrate a greater 
thickness of metal. The exposure for any object should be chosen for the greatest 
thickness to be penctrated. This becomes more important with increased thickness. 

All these factors must be considered in charts which establish the correct exposure 
conditions for a given material, Such charts have been worked out for x-rays and 
various gamma-ray emitters and are available for different materials (see ref. 10, pp. 
224-28). 

Photographic Procedure. The introduction of double-coated (i.e. coated on both 
sides) x-ray film was one of the most important steps in the advance of radiography. 
The advantages of double-coated films are still more pronounced when two intensifying 
screens are used, one in contact with each side of the emulsion. ‘The sensitive coatings 
of the film consist of dried emulsions of silver bromide and gelatin and act as in regular 
photography (q.v.). During radiographic exposure the film is placed with its wrapping 
paper in a special film holder. If intensifying screens are used, the paper must be 
removed, otherwise the intensifying ultraviolet light of the screens will be held back by 
the paper, 

Intensifying Screens. Since x-rays and gamma rays have much greater pene- 
trating power than visible light, about 99% of the radiation is wasted when passing 
through the silver emulsion of the film. Consequently, long exposures must be given 
if fully-exposed radiographs are to be obtained. ‘To utilize a larger portion of the radia~ 
tion for purposes of radiography, intensifying screens are used, which change the rays 
that would,otherwise remain inactive on the photographic emulsion into photo-actini- 
cally active radiation and thus considerably enhance the effectiveness of the radiation 
on the film. | 
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“Salt screens” consist essentially of three layers; a supporting layer which gives 
stability to the screen, a himinescent layer consisting mainly of calcium tungstate (see 
Luminescent materials) which is the active agent, and a thin protective layer which 
allows the screen to be cleaned easily. In conjunction with calcium tungstate screons, 
in gamma radiography a filter-set must be employed. This combimation will permit 
a decrease in gamma-ray exposure to 1/20 the time needed for lead-foil technique 
and medium-speed nonsereen film. Films used in conjunction with salt screens are 
known as screen-film. 

Nonsereen film eliminates the use of expensive salt screens. Fine-grain nonscreen 
films give good results but require longer exposures. Faster nonscreen films have 
coarser grain and the image lacks sharpness. In order to speed up the exposure time, 
nonsereen film may be sandwiched between Jead foil. Ordinarily, the foil facing the 
souree of radiation, that is the foil in front of the film, is thinner than the one in back. 
Jn addition to the intensifying action of the K,-radiation of lead, these screens help to 
filter seattered radiation. Sometimes it may be desirable to eliminate the front 
sereen, especially when x-raying light-metal objects. Usually, the front screen is 
0.005 in. thick and the one in back 0.010 in. The thinner foil may be mounted on 
cardboard for easier handling. If two films are to be exposed simultaneously, a second, 
unmounted 0.005 in. thick foil is placed between the films. When using screens of ary 
sort, care must be taken to assure perfect contact between screens and film to avoid 
unsharpness of the image. 

Contrast and Definition. Contrast and sharpness or definition are terms that 
are often confused when judging radiographs. Contrast is determined by the absorp- 
tion of the raysin the object. The more the atomic weights differ in the object and the 
lower the voltage used, the greater will be the difference between light and dark shades, 
that is, coutrast in the film. The contrast also depends upon the type of film used. 
Definition is best described as the demarcation of all the details of the picture, There 
are three types of lack of definition or sharpness in a radiograph: (2) a geometrical 
lack of sharpness; (2) a lack of sharpness due to movement; and (3) a lack of sharp- 
ness due to the screen. 

As the name implies, geometrical lack of definition is caused by the geometrical 
relation between the focus of the source of radiation, the distance from the focus to 
the object, and the distance from the object to the film. Better sharpness ean he 
obtained by using the smallest possible focal spot. Other causes for geomctrical lack 
of definition are too small a distance from the focus to the object, and too great a dis- 
tance between the object and the film. 

To obtain a fully exposed negative, a definite dose of radiation is required. If the 
exposure must be short, the tube output (measured in milliampere-minutes) is in- 
creased; with a fixed source, a longer exposure is required. In spite of the advantages 
of modern x-ray equipment, there is a certain amount of vibration to contend with. 
When setting up the object and placing the film holder in position, care must be taken 
to avoid unnecessary vibration. Whenever possible, the x-ray tube or gamma-ray 
source, object, and film holder should be attached to each other by a common ground. 

Gammagraphs, in general, show markedly less contrast than exographs. This 
may tend to prejudice technicians familiar with xray negatives. Gamma rays, 
however, are capable of showing detail over a wide range of specimen thickness where, 
with an x-ray machine, several pictures would be necessary. The interpretation of 
gammagraphs requires greater care, since the lower contrast may cause the viewer to 
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minimize the flaw image. When using gamma-ray sources, careless radiographers 
can easily produce radiographs showing no defects in a easting that is, in fact, mmsound. 
To guard against this, penelrameters are employed to estimate the minimum sensitivity 
of flaw detection attained. Acceptable types of penetrameters are those prescribed 
by the Boiler Code authorities and government agencies. They consist of a small 
piece of metal of substantially the same absorption coefficient and with a thickness 
of 2% of the object to be radiographed. If the peuetrameter can just be detected, 
then the sensitivity attained is 2%. Penetrameters contain three drilled holes with 
diameters of 4%, 6%, and 8% of the wall thickness of the object to be radiographed ; 
the appearance of these holes gives a measure of the definition. ‘The penetrameter is 
placed on the surface of the specimen nearest to the source of radiation. For an 
object of varying thickness, it is necessary to use more than one penctrameter. 

Radium aud Co” can be expected to give 2% to 4% sensitivity on steel 2 to 6 in. 
thick, and in some cases better. This is dependent upon source size, distance, film- 
screen combination, atid shape of object. For Ir? sensitivities of 1 to 2% can be 
achieved even in steel sections only 34 in. thick. Somewhat improved sensitivity is 
obtained when radiographing materials that are denser than steel. With modern 
x-ray equipment 2% sensitivity can readily be achieved by using the correct exposure 
technique, and under laboratory conditions 1% is common. 


Health and Safety Factors 


It has been learned from the experience of the early workers with x-rays that cer- 
tain harmful plrysiological effects are due to too long exposure to the rays (see Vol. 9, 
p. 538). Many of the pioneers have paid their sacrifice to knowledge with suffering 
from severe x-ray burns, with the loss of fingers and hands, and some have even paid 
with their lives. Jt is now well known what precautions are necessary in order to 
avoid x-ray burns, and such disfigurement is no longer considered as a sigu of martyr- 
dom but rather as a stigma of carelessness or ignorance, 

A few simple rules should be followed to avoid harmful effects from x-rays: (JZ) 
no portion of the body should be exposed to the direct beam from an x-ray tube; (2) 
when it is necessary to view a beam of x-rays with a fluoroscope, the screen should be 
arranged for telescopic viewing; (3) x-ray machines not otherwise shielded should be 
covered with sheets of lead; and (4) the exposure room should be so shielded that x- 
ray film may be stored in the same aren. “Tf it isu’t safe for film, it isn’t safe for you.” 

The same rules apply for gamma radiography. Measurenents by means of ioni- 
zution chambers (Geiger counters, see Vol. 5, p. 570) are useful in detecting radiation 
in the neighborhood of x-ray installations aud gamma radiation sources, Another 
sound safety measure is the use of film monitors. A special film badge is worn on the 
wrist or even the finger of the hand closest to the gamma-ray source. These films are 
processed weekly and, if fogged, their density is checked against calibrated control 
films, or, more accurately, measured on a densitometer. If the maximum weekly 
permissible dosage of 0:3 r. has been exceeded, the operator must be taken off the job 
without delay. In addition to film monitoring, blood counts should be made at regu- 
lar intervals. If the blood picture should fall below normal, the operator must take a 
rest and receive plenty of sunshine and blood-building food. Even after his blood 
count is back +o normal, he should not handle gamma-ray sources for at least one year. 
It is good practice to rotate operators who handle gamma-ray sources regularly about 
every year or two. 
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The aluminum capsule containing the gamma-ray emitter 1s usually stored inside 
a solid lead ball called a sereening bomb. A standard-size lead ball has a 9-in. diam- 
eter which is good protection for any source up to 750 mg. radium equivalent. For 
other heavy screening materials it is satisfactory to estimate their effectiveness as 
proportional to their densities. Thus tungsten alloy (density 18) is 114 times more 
effective than a similar thickness of lead (density 12). 

Besides the use of screening bombs the best protection is distance. The radiation 
rate falls off with the square of the distance from the source so that a person at a range 
of 6 ft. from the source receives considerably less radiation than the source is emitting. 
The use of distance wherever possible is clearly simpler than elaborate lead safes and 
protective walls (see ref. 10, p. 215). 

Tn general, sources should be stored inside au adequately thick container, and when 
they have to be removed and used without screening, the operator should keep the 
source remote from his body and do the handling quickly so that the time of his ex- 
posure to the rays is minimized. The capsules themselves should never in any cir- 
cumstances be picked up in the hand but always with tongs, long forceps, or handling 
rods (see note b to Table I). (See also reference 8.) 


INSPECTION METHODS 

There is one important limitation on x-rays as compared to visible light. There 
js no lens that will refract the rays and bring them to a focus, and we are, therefore, 
limited to the production of shadow pictures. This can be achieved in two different 
ways: (1) by means of a radiograph on photographic film, and (2) by means of visual 
observation on a fluorescent sercen. ; 

The latter method can be employed successfully only on small light-metal parts, 
and its application is very limited in chemical technology, principally because a fairly 
large intensity is needed to produce any visible fluorescence at all. It is, therefore, 
useless for the thicker and more opaque specimen, which allows only a trifling amount 
of even the most intense radiation to emerge. 

In the construction of the fuoroscopic setup, care must be taken that the operator 
is ut no time exposed to direct or indirect radiation. ‘This can be accomplished by 
viewing the shadow image through a mirror, or better yet, a pair of mirrors in a tele- 
scopic arrangement with heavy lead partitions for protection. Before the work is 
started, the operator should remain in the darkened room for at least five minutes to 
accustom his eyes to the darkness. Two operators should be available for frequent 
change, say of hourly shifts, because the eyes get tired quickly and small defects can 
readily be overlooked. Under the most favorable conditions, defects smaller than 
about 10% of the total wall thickness cannot be detected by this method. In any 
case, the method depends on the momentary judgment. of the inspector, and no per- 
manent record is available. 

Stereoscopic Inspection. Since we have only a simple shadow of the different 
parts of the specimen, there is nothing in a radiograph to tell us how far below the 
surface a flaw or a hidden inclusion is situated. Sometimes the object may be tumed 
around and a second exposure made at right angles to the first, but frequently this is 
not possible. Stereoscopic methods must then be resorted to. Two radiographs are 
made from slightly different positions by simply sliding the x-ray tube or gamma-ray 
source four inches to onc side between the two exposures, The tio resulting pictures 
are then viewed together in a spectal stereoscope. An impression is. thus obtained of 
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the different parts of the object standing out in relief, from which the depth can be 
judged. 

The actual depth of any flaw can be calculated by simple geometrical meaus from 
the difference in position of its shadows in a double-exposure, if the focus-to-film dis- 
tance is known. Between the two exposures the source of radiation is moved a pre- 
determined distance a. ‘The known focus~film distance is h (see Fig. 3). ‘The film— 
and only one film is required by this method—then records two images of the same 
irregularities in the object; this distance between the two images can be measured on 
the film as 6 inches. The distance x to be determined is the space between the flaw 
and the film. The following proportion then exists: 


a:b = (h—a):2 or a& = hb/(a+ b) 


By having reference lead markers on each side of the object, the film will show the 
marker on the side nearer the film with a smaller displacement in the double exposure 
than the marker on the side of the object facing the source. It is then often possible 





Fig. 3. Determination of depth of a flaw. Fig. 4. Determination of thickness of a 
plate. 


for an experienced operator to judge by mere comparison from which side a repair 
should be made. In some cases it is more desirable to calculate the location exactly. 

Thickness Determination. Radiography is also used for determination of the 
thickness of a plate in place, for instance in a boiler or ship hull, without removing the 
plate or in any way harming the material. A lead diaphragm, 2 in. wide by 6 in. 
long, is placed on the surface of the boiler plate toward the source of radiation. The 
distance h between the source (focus) and the near side of the boiler plate is known 
(see Fig. 4). So is the width a of the diaphragm. Its shadow is recorded on the re- 
sulting radiograph (on the far side of the boiler plate) and measnred as b, The un- 
known plate thickness is x. The following proportion then exists: 


a:b = hi(h-+ 2) or 2 = (hb/a) —h 
Tf there is a distance ¢c between the plate and the film, the proportion is as follows: 
x = (hb/a) —h~e 


This method has been used successfully for checking corroded plates in oil tankers, 
-for instance. Oil stills, paper digesters, and similar equipment can be examined in the 
same way. Interior cavities or inserts may also be measured by this method. 
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Irregular Objects. Sometimes an object is so varied in thickness or in x-ray 
opacity that it is impossible to obtain a satisfactory exograph in one exposure. ‘The 
radiation through the thin part would be so intense that it would completely blacken 
the film in the time required to give sufficient exposure to the thicker portion. In 
some cases the thin part ean be sereened by covering it with lead foil, or it may be 
built up by another piece of the same material having a thickness equal to the differ- 
ence hetween the thin and thick sections of the object. At times, this is not feasille, 
and it becomes necessary to make individual exposures of the various sections. 

Tn cases where the objects are small enough and when calcium tungstate screens 
are employed, they may be immersed in a solution of lead salts which have an x-ray 
absorption in the same range as that of the object (see ref. 10, pp. 159-62). In other 
eases, tungsten powder, lead shot, or other high-atomic weight materials may be 
employed to cover holes, surlace cavities, and the like. When working with irregular 
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Fig. 5. Gamma-ray exposure arrangement. 


objects, one of the advantages of gamma rays over x-rays is especially important: 
because of their reduced contrast, gamma rays can be used without special precautions 
on irregular shapes aud varying thicknesses. Sometimes it may be desirable to expose 
two or even three films of different spced simultaneously to cover thick and thin sec- 
tions of an object. The slower film is used to interpret the thinner sections, and the 
faster one the thicker sections. 

Use of Gamma Rays. Gamma-ray sources ate usually sealed in small aluminum 
capsules. Since the rays emanate to all sides, a large amount of material can be 
covered in a single exposure. Gamma rays are most useful for the inspection of heavy 
steel sections. When used on thinner parts, one inch and less, they penetrate without 
forming a sharply defined outline of the interior condition of the material unless the 
defects are rather large. By selecting an appropriate source, exposures can be con- 
trolled to some extent. Exposures are likely to require hours rather than minutes. 
A typical exposure setup is illustrated in Figure 5. 

Ji is good practice to set up the objects, adjust film holders, and place the source 
holder in position during the usual working hours, choosing a source-to-film distance 
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that will produce a satisfactory gammagraph between the end of one working period 
and the beginning of the next. The exposure thus takes place during a time which 
would otherwise be idle and lost, and during the absence of personnel from the area. 
Removal and development of the films take place during the usual working hours the 
following day. 

Usually iti is desirable to examine as much material as possible with a single radio- 
active source. It is, therefore, often convenient to arrange a number of articles in a 
earrousel exposure, selecting the various distances so that the exposure will be correct 
for each object (see ref. 10, p. 184). At other times it may be desirable to place a 
number of individual sources at different points within a large object. 

Owing to the lower absorption coefficient of gamma rays, it is easier to obtain 
suitable radiographs of specimens of irregular thickness with gamma rays than with 
x-rays. Tixposures for irregular thicknesses should be calculated on the basis of the 
thicker sections rather than the thinner ones. In gamma-ray technique even more 
than in x-ray work the rule—when in doubt, overexpose—applies. Underexposures 
are unsatisfactory, for some of the detail will then be obscured by fog on the film. 

The use of gamma-ray sources is particularly desirable where circumferential 
joints are to be inspected. In field-welded piping where the wall thickness exceeds 
one inch, the use of Co™ can be recommended, but for any smaller thickness, x-rays 
or Ir™? are preferable, Whenever possible the capsule should be placed in the center 
of the joint inside the pipe. The film holders are wrapped around the outside, and the 
entire weld is gammagraphed in a single exposure. 

When radiographing heavy sections, five inches or more, the problem of distor- 
tion arises. A defect near the surface toward the radiation source is enlarged on the 
film. It is, therefore, advisable to make two exposures, one from each side. 

It is common practice in gamma-ray work to expose two films simultaneously 
in each holder to avoid reexposures. There are at least two good reasons for this: 
(1) the handling of the source is dangerous; and (2) the exposures are relatively 
long and time-consuming. <A great deal more confidence is felt in interpreting a 
faint; marking caused by a small defect if the same marking is seen on both films. 
Furthermore, if the films are underexposed, they may be viewed superimposed thus 
enhancing the image considerably. 

In gamma-ray work, lead foil is used instead of the expensive salt screens. ‘The 
penetrating gamma, radiation reacts very favorably to the mtensifying action of lead, 
but if time is of the essence, the exposure time can be reduced considerably by using 
calcium tungstate screens and filter-sets. 

There are often a number of ways of placing source and films to radiograph a 
large object. To choose the proper technique is of considerable importance; the 
wrong choice may multiply the cost or time required many fold. Proper placements 
are sometimes dictated by the critical areas to be covered by the gammagraphs, and 
it is, therefore, not possible to lay down rules applicable to all cases. A few examples 
are discussed below, 

In the radiography of a long linear weld in a flat plate, or a longituctinal joint in a 
pressure vessel, the sharpness (definition) of the image of a defect increases linearly 
with the distance from the source to the defect, and decreases linearly with the distance 
from the defect to the film. As with x-rays, the rays toward the ends of the exposed 
area will have to penetrate a greater thickness of metal than those passing through the 
center of the plate. The exposure should be chosen from charts for the greatest thick- 
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ness to be penetrated. The souree-to-film distance should never be less than the length 
of the film. 

The same rules apply for the radiography of a flat surface, except that the area 
that can be inspected in one exposure is proportional to the square of the source-film 
distance, but the exposure time required is also proportional to. the square of this 
distance, so the exposure per unit area does not depend on this distance, Therefore, 
one merely has to consider the length to be inspected as the diagonal of the rectangular 
area—the source being located over the center of the reetangle—or as the diameter 
of the circle covered by the film. Tf the object has different cross sections, the capsule 
should be placed over the thick part as this will tend to produce a more uniform density 
on the film. In some eases it will pay to draw to scale a cross section of the object 
and to use actual measuremeuts to calculate a suitable position for the source, where 
the varying thickness will be compensated for by the varying angles of penetration 
of the rays, and the varying distances of the different parts from the capsule. 

The most suitable object to be gammagraphed is a curved surface such as a sphere. 
The source of radiation is placed at the center of the sphere, unless the source-film 
distance is too short to give the desired detail, or too great to permit a reasonable 
exposure time, It is always possible to cover a larger section of the sphere hy radio- 
graphing from the inside out than by exposing from the outside with the film on the 
inside of the sphere. The same holds true for eylindrical shapes. The most advan- 
tageous position for the capsule is on the center line. In gammagraphing the whole 
urea of a long eylmder the minimum total exposure time will be obtained by moving 
the source between exposures the source-to-film distance along the center line, treat- 
ing the cylinder as equivalent. to the linear weld discussed above. However, for radio- 
graphing only a longitudinal seam in a cylinder, it, makes little difference whether the 
source is placed inside or outside the cylinder. 


Applications 


Radiographic inspection has many varied applications in chemical technology, 
ranging fram small ceramic insulators to heavy steel castings, from welded test plates 
to pressure vessels, and from soil samples to natural gas pipe lmes. In these days of 
high material and labor costs, a hidden defect in the product, which may only be re- 
vealed after a great deal of work has been done on it, may prove disastrously costly. 
Such hidden flaws occur, especially when the raw material is metal, far more frequently 
than is often realized. Many finished articles depend for their correct functioning, 
safety, or reliability on the complete soundness, correct assembly, or perfect fit of one 
or mote internal components. Frequently, elaborate systems of inspection and con- 
trol are set up to check the assembly of important pieces of mechanism at every stage, 
and yet, mistakes do sometimes occur. It has even been known that the inspection 
at one stage of the assembly has upset the correctness of some component passed as 
correct at an earlier stage. To prove the soundness of the material and the perfection 
of workmanship beyond any doubt, the modern inspection tool is radiography. 

Meta} castings of all sorts form a class of articles which can be examined for hid- 
den flaws only by destructive methods if x-rays or gamma rays are not available. 
Other nondestructive tests may indicate that yomething is defective but no other 


method ean show the actual nature of the imperfection. ‘This applies to weld inspec- 
tion as well, 
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Use is made of racliography for the examination of electrical insulating materials. 
Many of these substances, such as mica, phenolic resins, or the various forms of com- 
pressed paper insulators, are likely to contain small particles at metal or metallic 
salts, which seriously detract from their value as insulators. X-rays can quite easily: 
detect these defects. Although these types of materials are usually very transparent 
to the rays, so that a Muorescent screen would be brilliantly ihiminated if it were used, 
a photographic film must: generally be employed because the metallic particles are too 
small to be recognized with certainty on the screen, 

Rubber tires, undersea cables, grinding wheels, pulp grinding stones, spark plugs, 
fireclay pots, heating pads, and numerous other articles are searched hy x-rays for 
internal flaws, X-rays play an important part in checking the proper installation 
of concealed parts such as: electronie tubes, telephone equalizer units, Pitot tubes, 
condenser units, fuses, and reinforcement in eonercte, X-rays are used to check on 
the alignment of hard-rubber siphons, the distortion of embedded wire coils, the fit of 
serew threads, the contents of sealed packages, ete. 


PRACTICAL CONSIDERATIONS 

Tt is of utmost importance to have well-trained personnel available for radio- 

graphic inspection work. This does not mean that the man must have his Ph.D. 
As a matter of fact, an intelligent high-sehool graduate may be better suited, Ex- 
perience is the man reqtivement. The operator should be familiar with his tools, 
whether they are x-ray machines or gamma-ray sources; he should know his photo- 
graphic as well as radiographic technique. If he is to interpret the results, he should 
have had some training in metallurgical engineering, foundry and welding practice, 
and he must be able to understand the service requirements of the parts he is radio- 
graphing. In addition, he must be filly aware of the mherent hazards of this work, 
so that he can protect limself as well as other shop personnel against the dangers of 
x-ray and gamma-ray exposure. When dealing with x-ray equipment, electrical 
hazards must be considered too. 
'-Jtis good practice for the radiographer to work in close cooperation with the engi- 
neer or chemical technologist who is the ultimate user of the abjects under investiga- 
tion. This will assure sound material at the least expense, and result in the best in 
service performance. 

X-Ray Inspection of Coal and Coke. The radiographic analysis of coal and coke 
is an example to show how new problems can be solved by means of radiography. 
It is based upon the variation of absorbing power with composition. Carbon, hydro- 
gen, and oxygen are all comparatively transparent to x-rays; sulfur and calcium are 
less tranyparent, and iron is relatively opaque to the wave lengths used. Hence in an 
exograph of a lump of coal the light areas indicate the presence of some sulfur, calcium, 
iron, or other elements of higher atomic weight than carbon. During the geological 
exploration of a coal seam, exographs of the borings can give valuable information as 
to the character, amount, and distribution of combustible and noncombustible con- 
stituents. During the preparation of the coal for market, further information as to 
(listribution of the noncombustible material in the different sizes can be obtained from 
pictures of graded samples. Similarly, the distribution of ash in coke is thoroughly 
disclosed by radiographs, A mass of coal x-rayed during coking makes possible oh- 
servations on the phenomenon of carbonization, as well.as precise measurements on 
deformation and on width and rate of displacement of the plastic layer. Radiography 
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is particularly valuable in the analysis and control of coalwashing processes. For 
example, it can be used to show whether a jig is effectively separating ash from coal 
(see ref. 10, p. 171). 

Inspection of Castings and Forgings. Castings are one of the most extensive 
fields for radiographic inspection (see ref. 10, pp. 111-30). Castings of all sorts and 
sizes and in all metals are used in every branch of chemical technology, and every 
engineer knows with what distressing frequency they contain cracks and blowholes. 
Sometimes there is ample evidence of these defects on the surface, more often there is 
noneatall. Frequently some slight signs of possible faults showing on the surface of a 
casting will be detected by some nondestructive tests other than radiography, and the 
harassed engineer will be left in doubt as to whether or not the apparently trifling 
flaws widen out into large fissures or cavities in the interior of the metal. Many 
important and expensive pieces are scrapped because he dare not take a risk. A 
simple radiographic examination would settle all doubt in many of these cases. 

In foundry practice, radiography is used as a development and control tool. Ifa 
new pattern is to be cast, the procedure is to radiograph pilot castings in the rough 
state, and if defects show up, the casting technique is changed to avoid the flaws. In 
drastic cases this may mean redesign of the casting, but as a rule it docs not involve 
more than changes im risers and gates. The procedure is continued until a sound 
casting has been produced. If the casting is very complicatecl it may be impossible 
to obtain a perfectly sound ane, In this case it may be possible to arrange that the 
defects occur in portions of the piece which are relatively nonconsequential for the serv- 
ice performance of the object. The whole output of certain important castings should 
be radiographed before any expense of machining them is incurred. Castings of less 
importance should be radiographed when doubtful cases arise. 

Not every casting can be completely inspected, for orcasionally the shape is too 
complicated. Usually, however, it is possible to deal with the critical parts, and this is 
all that is necessary in most cases. A valuable result which radiographic inspection 
has brought about is a reduction in the size and weight of castings. In the past, 
designers have been compelled to allow far bigger margins of safety than really neces- 
sary, owing to wicertainty as to the soundness of the metal. 

It is often supposed that forgings, as contrasted with castings, are bound to be 
free from internal flaws, Radiography has shown that this is by no means always 
true, and the examination of important forgings is certamly worth while. Forgings 
are usually inspected by some other nondestructive testing method. Since none of 
these methods can tell what type of flaw exists, defective sections are then radiographed 
and the imperfections determined. ; 

The interpretation of defects in castings and in forgings is of the utmost impor- 
tance. While there are 2 number of standard procedures recommended by various 
agencies, the evaluation remains the responsibility of the inspector. (See ref. 5.) He 
should work in close cooperation with the foundryman and the ultimate user of the ma~ 
terial, Sometimes a defect such as a large sand pocket may appear to he serious 
enough to reject the piece, according to accepted standards. However, a double-ex- 
posure may disclose that the pocket is located near the outer surface, leaving more than 
half of the wall thickness of sound metal between the inner surface and the defect. This 
may be quite enough sound metal for the purpose, and the casting can be used without 
repair. Experience has shown that often, due to poor welding technique, repaired por- 
tions are less sound than if the original flaw had been left untouched. 
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Inspection of Welds (see Welding). TRadiography, applied to welds, is used to 
obtain information on the soundness of the welds and the adjacent plate metal (see 
ref. 10, pp. 181-57), Radiography is used 10 detect the presence of defects such as gas 
cavities, nonmetallic inclusions, lack of complete penetration, imperfect fusion, and 
cracks. 

Radiographic acceptance tests are carried out where called for in a purchase order 
or specification. They ave for the benefit of the purchaser and usually ave made by 
him or his representative, except that, where radiographic tests are used in the proe- 
ess of manufacture, the consumer accepts films furnished by the producer. The 
purchaser or his inspector may pass final judgment as to whether or not the soundness 
of the metal, as shown by the radiograph, is acceptahle. 

The ASMIE Code for unfired pressure vessels contains elaborate radiographic 
requirements. All longitudinal and circumferential welded seams in Class 1 vessels 
must be x-rayed. The API-ASME Pressure Vessel Code is similar to the ASME 
Code. Most of the states, insurance inspection services, Lloyds, and other ship in- 
spectors have adopted the requirements of these codes in their specifieations. When 
ordermg such equipment or similar material, many concerns specify that the welded 
joints must be examined in accordance with the code requirements. The Bureau of 
Ships of the U.S. Navy has set up radiographic standards that are defined by type 
radiographs. These are for use in inspecting Class A-1 welding and form part of the 
Bureau’s General Specifications for Machinery. 

Tn addition to acceptance tests, radiography of welds is used in the development of 
welding procedures, in the training of welders, and for shop control of weld quality. 
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RAGS. Sce Paper, Vol. 9, p. 814; Pulp. 


RAMAN EFFECT 


Tn March, 1928, C. V. Raman of the University of Calcutta amounced the discovery 
of a new phenomenon of light seattering observed in various liquids and gases (9). 
In the same year, Landsberg and Mandelstam (7) discovered the same effect in quartz. 
The possibility of the existence of this behavior of light toward material substances had 
been predicted by Smekal (10) in 1923. Smekal discussed the problem from the theo- 
retical side only and performed no experiments as Raman and Landsberg and Mandel- 
stam had done. It seems quite clear that Raman, who had studied “light scattering” 
in general for many years, had the clearest grasp of the phenomenon and hence it 
auvies his name. The Raman effect has become one of the most powerful tools of the 
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Fig. 1. Raman effect, schematic arrangement. 
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chemist and physicist for the investigation of molecular structure. This type of in- 
formation could heretofore be obtained only from absorption and emission studies in 
the infrared region of the spectrum, but the discovery of the Raman effect makes it 
possible to carry out experiments in the visible region. At first it was thought that the 
Raman effect would supplant infrared investigations, but it is now known that these 
two types of experiments complement cach other and are both needed. to obtain com- 
plete knowledge of the behavior of atoms in molecules, This discovery compares in 
scientific importance to the discovery of nonclassical x-ray scattering by A. H. Comp- 
ton, known as the “Compton effect.” The two effects are related in a certain sense. 
The Raman effect concerus the interaction of radiation and matter. Mono- 
chromatic light, for example from a mercury arc, is directed ou a substance such as 
carbon tetrachloride. The radiation from the arc contains light of wave length 4358 A. 
Ii can by nrteraction with a carbon tetrachloride molecule undergo a change to a 
longer wave length (toward the red of the spectrwn). It is said that the incident light 
lias been scattered with a shift in wave length or frequency. The scattered radiation 
leaves the molecule in any direction in space, Usually it is observed at right angles to 
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the direction: ‘are — containing vessel,” merely for convenience (see Fig. 1). The 
wave length composition of the scattered light is observed by means of a spectro- 
graph (see Spectroscopy). 

The interaction occurring in this phenomenon is not the absorption of 4 (4358 A.) 
because light of this wave length is not absorbed by carbon tetrachloride. Nor is it 
merely a change of path of the scattered radiation, the Tyndall effect, which does not 
involve a change in color of the incident radiation. he Tyndall effect is, of course, 
also observed in this experiment and it produces on the photographic plate the line 
4358 A. of the incident, or exciting, radiation. Along with this unchanged line there 
appears on the plate another set of lines located at longer wave lengths (toward the 
red) of the initial or exciting line 4858 A. (see Fig. 2). These new “Raman lines’ are 
characteristic of the scattering substance, that is, in the case described of carbon tetra- 
chloride. (The faimter lines to the left of the exciting line in Figure 2 represent: the 
anti-Stokes case, see p. 499.) 
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Fig. 2. Raman spectrum of carbon tetrachloride. 








Modes of Interaction Between Radiation Energy and Matter. The present 
theory of racliation is a “dual theory” in the sense that both the wave concept and the 
quantum concept are necessary to explain all of the varied phenomena of light. In a 
given case, the observation is described by cither the electromagnetic wave theory or 
the quantum theory, as dictated by ease of understanding. The Raman effect can 
most easily be described on the quaitum view. 

The relation between the energy, #, of a quantum and the frequency, », of the 
vibration associated with it is: 

H=/hy 


where Ais Planck’s constant. A quantum (photon) of red light, which has a smaller 
frequency than blue light, has less energy than a blue photon. Since the frequency 
of a radiation, v, and its wave length, A, are related to the velocity of the undulation, 
¢, by: 

yxXA=e 


it follows that a quantum of longer wave length has the smaller energy. If a blue 
' light quantum is converted by any process whatsoever into a red quantum, then the 
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difference of energy must be given to some other body involved in the interaction. 
This statement is merely an application of the law of conservation of energy. This 
affect must be carefully distinguished from some other processes of interaction between 
radiation and matter. It is not a2 question of simple absorption or emission of racia- 
tion; it is not the Tyndall effect or Rayleigh scattering nor is it fluorescence. These 
phenomena will be described briefly for purposes of comparison. 

The processes of absurption and emission of light are simplest in gases. Hydrogen 
atoms produced in an electrical discharge, as in a fluorescent lamp, will emit and absorb 
only certain frequencies of radiation, In the normal state of the hydrogen atom the 
electron is ina particular orbit and the atom as a whole isin a certain energy state called 
the ground state (see Fig. 3). If the hydrogen atom now absorbs light of an appropri- 
ate wave length, it will be richer in energy by the aimount represented by the absorbed 
quantiun. This process of absorption can he deseribed by means of equations such as: 

Hp -+ hey, ——— Ht 
Hy -+ Avs, ==; TT 





The frequencies vy, %2,--. are very specific for the atoms of the element. The symbol 
Hy stands for the normal hydrogen atom in its ground state, while H®! and HY, eta, 
represent hydrogen atoms in energy-rich or excited slates. 
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Fig. 3. Energy states of a hydrogen atom. 


The process of cinisston of light by the excited atoms is now easily understood as 
being the reverse reaction, indicated by the arrows right to left. A normal hydrogen 
atom and a quantum of radiation result in the emission process. The principle of 
microscopic reversibility states that all processes possible between primary particles 
(electrons, protons, atoms, quanta, etc.) are reversible under proper conditions. The 
absorption and emission of radiation by a hydrogen atom is an example of this. 

The various energy levels of an atom are related by a system of whole numbers 
ealled quantum numbers. Atoms can exist in various electronically excited states as 
just described. They have no other possibility of absorbing energy within their 
structure. Molecules on the other hand may take up internal energy in three different 
ways. Like atoms, they may be electronically excited by having an electron displaced 
to a higher energy level. They can take up internal energy of the right frequency and. 
have their nuclei vibrate more vigoronsly than they do in the normal vibrational ground 
state. Such a molecule is said to be vibrationally excited, and, in the absence of diy- 
turbing events, it will emit the extra vibrational energy in the form of a quantum of radi- 
ation, usually, however, in the infrared region of the spec trum. Molecules absorb 
in this region and become vibrationally excited: 


Mo + beens, Ss Mt 
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Electronic excitation of most molecules requires quanta of visible light or ultraviolet 
radiation: 


My -+ heer. ——— M*e 


A molecule can absorb a quantum of radiation of appropriate wave length and become 
hoth electronically and vibrationally excited: 


Mo + Avetrts vite, ————=Z M*" 


Of course, the reverse emission processes are also possible by the principle of micro- 
scopic reversibility. A molecule can have many higher electronic levels and also a 
complex of vibration states, all controlled by integers (quantum numbers), and hence a 
complex system of excited states can exist. However, the picture is even more compli- 
cated because molecules can take up energy internally, using it to rotate more vigor- 
ously than in the ground state of no rotation (or at least of little rotation). Hence, 
molecules can be brought into ligher rotation states by absorption of the proper radia- 
tion: 





My + hyo. == M* 


eo no a 


Energy ——> 


b 





0 
viabs) > v(fluo} 


Fig. 4. Molecular energy levels. Fig. 5. Fluorescence, energy 
levels. 


Rotation spectra occur in the far infrared if the molecule only rotates with more energy 
with the electronic and vibrational state not being affected. However, a molecule 
can accept only specific quanta of energy in accordance with its nature and become 
rotationally, vibrationally, and electronically excited and emit radiation accordingly, 
Molecules undergo these three changes in all combinations. The whole scheme is 
portrayed by an energy diagram, where horizontal lines are used to indicate the various 
energy levels (see Fig. 4).. In Figure 4, ¢y, é:, @, ete. represent electronic energy levels; 
Mm, Ye, etc. represent vibrational energy levels; r represents rotational energy levels. 
The physically possible combinations (¢, v, Tm = (¢, 9, 7)» are controlled by selection 
rules. In general, Ael. >> Avibr. >> Arot. See also Luminescent materials. 
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The Tyndall effect, or Rayleigh scattering is the simplest kind of scattermg process. 
It is the interaction of « particle or molecule aud a light quantum whereby neither of 
them is changed in nature, constitution, or energy content. Only the direction of the 
scattered quantum will differ from that of the incident light. A simple example 
of scattering is the action of a sunbeam on the dust particles in a darkened room, by 
which they ure made visible. Colloidal solutions show the Tyndall beam very strongly 
depending on the size of the constituent particles. Since the iutensity of this scatter- 
ing phenomenon depends on the fourth power of the frequency of the light to be seut- 
tered, blue light is more easily scattered than red light and thus the sky is blue. The 
molecular Tyndail effect may he described by the equation: 


Mo -+ hy Ma + hey 








where My is the scattering molecule, he, is the same quantum after havimg been seat- 
tered througli the angle #, measured from the direction of the cident quantum. This 
type of process with no frequency shift of the scat- 





ELLA tered quantum is of much greater probability than 
LEE SOURS, : as 

ge Raman scattering. Hence, the exciting frequency 
+ "EE: 


(for example 4358 A. when a mercury are is em- 
ployed) is usually overexposed on the photographic 
plate used for a Raman experiment. 

The fluorescence of certain dyesisfamiliar. If 
a little fluorescein is dissolved in water made alka- 
line, the color of the solution is yellow when heid 
up to the window. Hence the solution must absorb 
in the other regions of the visible spectrum, that 
is, in the violet. JF the observer now turns his 

v(Ra}< vfexcit) (Ra) >vexcit) back to the window, the solution has a greenish 

Stokes case anti-Stokes case = shade, which is duc to light scattered by the dye 

Fig. 6. Raman effect, energy levels, ™molecules. Hence the scattered radiation is of 

smaller frequency than the absorbed radiation. 

The explanation of the phenomenon is given on the basis of an energy diagram (see 

Fig. 5). In the case of fluorescence the initial light causing the phenomenon is actually 

absorbed by the dye molecules, that is, the exciting radiation quanta fit into the 

energy level diagram of the dye molecule. Hence only light of proper frequency can 
eause fluorescence. 

The Raman Effect. Ordinarily it would be supposed that a molecule could inter- 
act with radiation only if it could absorb it; that is the energy value of the incoming 
radiation (hv) must fit into the energy level diagram of the molecule, as in the case of 
fluorescence. This is, however, not true for the Raman effect. Here the exciting 
light may have different wave lengths (it may be \ 4358 A. or \ 2537 A. from a mercury 
arc). It will place the molecule momentarily in an energy-rich condition (the so- 
called third level; dotted lines in Figure 6). While in true absorption the molecule 
remains in the upper quantum state for 10-8 seconds, it will stay only 10—¥2 seconds in 
the energy-rich condition in the Raman effect. The molecule will emit the energy 
between this third level and the final quantum level, b, which may be an upper vibra- 
tional or rotational level of the molecule. Usually the first vibrational level of most 
molecules is reached in this way. However, several of the rotational levels have also 
been found. The third level may be located in the continuum as indicated in Figure 6. 


Energy —» 
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The net result of this interaction is the abstraction of some of the energy of the incom- 
ing quantum. This energy is retained by the molecule for a short time and then 
emitted in the infrared. The difference between the exciting radiation and the emitted 
Raman line corresponds to a rotational or vibrational level of the molecule as indicated 
in the diagram. The excitiug line used in the Raman effect can be of quite a range of 
frequencies, since a third level very likely exists that fits the case. Hence, the Raman 
effect can be studied with excitation of almost any available source of radiation. 
An exciting frequency near the ultraviolet will be chosen because of the fourth power 
frequency relation concerning the intensity of the scattering phenomenon. The ex- 
citing radiation used must however not attack the molecule by photochemical action. 
This interaction of the incoming quantum with the third level is by no means as in- 
tense as the ordinary absorption of light. It is better termed. znéeraction rather than 
absorption in order to bring out the difference. 
The equations illustrating the Raman effect may be written as follows: 


Mo + Avex. _—_ M*er + Avy.s Mer. > Pre. 


where 2, is the frequency of the exciting radiation, M*""(=M*") is the molecule in a 
vibrationally or rotationally excited state, and »,,, is the frequency of the scattered 
radiation or the frequency of the Raman line. The energy received by the molecule 
My to bring it to the state M** is then: 

AR = K( vex, - Ve.) = hyp; Yer. >> Vee, 


The molecule My can in another experiment be brought into the same state, M*’, by 
the direct absorption of radiation of frequency »,. If the vibrational Raman effect is 
observed, then the frequency » lies in the infrared (between 3 and 10z) and in the case 
of the rotational Raman effect, this frequency lies even further out in the far infrared. 
The scattered quantum (7,..), that is, the Raman line lies on the red side of the exciting 
line (»2.) on the photographic spectrum plate. 

Some of the molecules of a liquid can already exist af room temperature in the 
first vibrational quantum state according to the Maxwell-Boltzmann distribution of 
energy at room temperature. These vibrationally excited molecules can also interact, 
with the incoming exciting radiation, These molecules can then scatter radiation 
which corresponds to the sum of the energies of the vibrational state of the molecule 
and the energy of the exciting radiation. Here, the scattered radiation is shorter in 
wave length than the exciting radiation and the so-called antd-Stokes Raman lines result 
(Fig. 6): 


M* + fiver. —? Ma ++ hveo.} Pen < Ve, 


and the exciting frequency has less energy than the Raman line. The energy given by 
the excited molecule is: 


AE = A vee. — Vex.) = hve; Ver. < Pac, 


The anti-Stokes lines are usually much less intense than the regular Raman lines. 
(Anti-Stokes fluorescence can also take place, again of less intensity than the Stokes 
case.) 

The difference between the Raman effect and fluoresce:ce can be summarized as 
follows: In fluorescence the incoming radiation is strongly absorbed: by the molecule 
bringing it into one of its usual energy levels. The molecule goes to some other lower 
or higher level and a scattered quantum of different color results. In the Raman 
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effect, the incoming radiation is not absorbed but only interacts relatively weakly 
with a third level. The molecule returns from this level to a lower vibrational or rota- 
tional state. The radiation given outis the Raman tne. 

Molecular Structure and Symmetry. The Raman spectrum of carbon tetra- 
chloride actually shows four Ruman lines (one is a doublet, sce Fig. 2), each belonging 
to » definite vibration of the molecule, These modes of vibration reter to the motions 
of the atoms relative to the center of gravity of the molecule. The smuplesti case is the 
diatomic molecule, for example the hydrogen molecule. It possesses only one mode 
of vibration of the two nuclei relative to one another. The number of these internal 
modes of motion can be caleulated from the consideration of the number of degrees of 
freedom of notion that a given system of NV particles possesses, Sitice any one nu- 
cleus can move in three directions (forward and backward, left io right, and wp and 
down), the N particles have 3N’ degrees of freedom of 
movement. However, three of this number must be 
ascribed to the possible translation of the molecule us a 
whole aud three more go with the possible rotation of 
the system about axes going through the center of 
gravity. In the case of diatomic molecules, only two 
degrees of freedom of rotation exist, about axes per- 
pendicular to each other and perpendicular to the figure 
axis which goes through the wuclei. Hence, there are 
3N — 6 or 3N — 5 degrees of internal motion for any 
Fig. 7. Symmetry in the NH, system of V mass points. For a diatomic molecule 

molecule. (N = 2) there exists only one internal motion 3 X 2 — 

5 = 1). For carbon tetrachloride there would be, on 

this basis, 9 such internal vibrations (8 X 5 — 6 = 9). However, only four Raman 
frequencies are observed. 

This reduction is due to the fact that a symmetrical molecule has some modes of 
motion of its constituent atoms which result in the same observable frequency. It is 
possible to predict the numbers of observable Raman lines from the known structure of 
a molecule, The symmetry property referred to here concerns the elements of sym- 
metry of geometrical figures. These elements are: reflection planes going through the 
center of the molecule (c), p-fold rotation axes (Cp; p = 2,8...), and points of in- 
version (z). The ammonia molecule (NH;) for example has the shape of a pyramid 
(Wig. 7). Such a geometric figure has one three-fold axis of rotation (C3) and three 
vertical reflection planes of syrametry (of which one is shown in Fig. 7) (¢,). There is no 
center of inversion because neither the nitrogen atom nor the hydrogen atom can be 
reflected through a point within the pyramid into another atom of its kind. The 
symmetry operations: reflection (c}, rotation (C,), and inversion (2) are related and 
they form a group of operations. The results of growp theory applied to the case of 
molecules can be used to calculate the actual number of fundamental vibrations ex- 
pected for a given structure. On this basis it can be understood why the carbon tetra- 
chloride molecule has only four Raman lines as actaally found and not nine of them as 
expected from a dynanmial system of five different mass points. 

‘The vibrations of a molecule which are allowed after symmetry considerations 
have been applied may or may not appear as Raman lines and they may or may not 
occur in direct absorption in the infrared. There exist selection rules which deter- 
mine these possibilities. Raman lines may also be polarized or unpolarized. The 





RAMAN EFFECT 501 


selection rules and the state of polarization have been studied theoretically and it is 
possible to make definite predictions. For example, carbon tetrachloride is believed 
from chemical evidence to have a tetrahedral symmetrical structure. As mentioned 
earlier it should show ouly four fundamental vibrations, which is found to be the case. 
All four of these are Raman-active as predicted by theory. Three of these lines 
should be unpolarized and one of them should be polarized, as predicted and also found 
expermmentally, The polarized line should not appear in the infrared spectrum and it is 
not found. One of the unpolarized lines of the Raman spectrum has heen found in the 
infrared as expected, but the other one has not yet been located in the infrared. It 
occurs at very low frequency (218 em.~!) and the infrared spectrum has not been ex- 
amined in this region, Hence the modern mathematical theory of groups, the consider- 
ation of selection rules, and the knowledge of the state of polarization furnish a powerful 
tool for the investigation of molecular structure. 

Force Constants. he relation between the Raman lines and the interuial modes 
of vibration of a molecule can he treated mathematically by the theory of smail 
vibrations. The vibratory motion of the atoms around their equilibrium positions is 
considered to he very small in reference to their distance apart. It is further supposed 
that the restoring force (7) is of the Hooke’s law type: 

Fos ~har 


where & is the foree constant or the force acting if Ar were unity. The distance Ar 
is the displacement of the atoms. This expression if written for two atoms yields 
the corresponding potential energy, V: 


P= Wa sr)? 


Further mathematical treatment gives a relation between the force constant, &, and 
the frequency of vibration, v: 


v= (1/2e)V hia 
where pis the reduced mass of the system (mm) /(m, + mye). The equations for more 
complex molecules are of the same general character but more complicated. The 
force constants derived from the observed frequencies (v) give a great deal of insight 
into the structure of molecules. For example the molecules, chlorine, oxygen, and 
nitrogen which on chemical grounds the chemixt has always considered to possess 
single, double, and triple bonds respectively, have the following force constants 
Cl-Cl O=0 NEN 

k 0,82 1.13 2.23 
where / is given ia megadynes perem. Tt is seen that the force constant can be taken 
as a measure of the bond strength existing between the atoms of a molecule. The 
force constant can be used, in case of doubt about the character of a given chemical 
bond, as a measure of the strength of the bond under investigation. 

Raman Lines of Chemical Bonds. In methane there are fow carbon—hydrogen 
bonds, and a Raman line at about 3000 em. is aserihed to. the vibrations of the 
hydrogen atoms toward the central carbon atom along the direction of the valence 
bond. Raman lines are usually recorded in terms of inverse centimeters (em.—}). 
This unit is the reciprocal of the wave length of the vibration, or the actual frequency 
(vibration per second) divided by the velocity of light (Av = ¢ or 1/A = v/e). With 
methane the CH Raman line at 3000 cni.~? corresponds to a frequency of 9 X 10" 
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vibrations per second. It is found in all molecules containing the CH bond, but its 
magnitude may vary slightly from molecule to molecule because of the influence of 
other atoms. There are also known CO, OH, GCN, CCl, CBr, eto., Raman lines, 
This knowledge can be used to determine the presence or absence of certain bonds im 
molecules. If, for example, # certain ketone exists both mm the enol and keto forms, 
then both OH and CO Raman frequencies are expected for this molecule. 

A given frequeney will persist through a related sequence of compounds. The 
CF and CH valeney vibrations in the molecules CHBr.IF, CHBrClF, and CHChLYE 
show quite constant frequencies of about 1060 and 3000 em.~! (Fig. 8). A great, many 
such sequences have been studied and they confirm the chemist’s ideas of the structure 
of moletules. In some instances, however, it could be shown by means of the Raman 
effect that different previously unsuspected groupings were preseut. 


200 cm7! 600 cm™! 1000 cm7! 1400 cm7* 3000 cm-! 




















ae 
Vy “—-— Ye rr . - 
Vs Vy C-F C-h 


Fig. 8, Raman spectra of CHBr,F, CHBrCiF, and CHCLF., 


The Raman effect can also be applied to the analysis of the composition of mix- 
tures of compounds, such as hydroearbons. For example, it is possible to determine 
the relative amounts of benzene and toluene if either component of the mixtuve is pres- 
ent in amount greater than about one per cent. 
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RARE EARTH METALS, ALLOYS, AND COMPOUNDS 


The rare earth clements include lanthanum, atomic number 57, and the next fourteen 
elements in the periodic table (to lutetium, at. no. 71), which are known as the /an- 
thanide series. They are characterized by the progressive filling up of the 4f electrons 
(in three cases one 5d electron) from 2 to 14, while maintaining a complete octet of 
two 5s and six 5p electrons (see Atoms, Vol. 2, p. 211). Since the electrons progres- 
sively added are distant from the valence electrons, all the rare earth elements are 
remarkably similar in chemical properties. Cerium, the most abundant of the rare 
earths, is the subject of a separate article (see Cerium). While the term “rare earths” 
strictly refers to the oxides (21a), it is commonly used also for the elements. 

Table I lists the rare earth elements with their classical clistribution into the ‘‘ce- 
rium earth,” “terbium earth,” and “yttriun earth” groups. The cerium group in- 
cludes the elements lauthanum (at.no. 57) to samarium (at.no. 62), and the terbium 
group the elements europium (at.no. 63) to dysprosium (at.no, 66). The yttrium group 
cousists of the elements holmium (at.no. 67) to Intetium (at.no. 71), and is so named 
because the element yttrium (the vertical neighbor of lanthanum in the periodic 
table), although not a rare earth element, is always found in nature with these elements, 


TABLE J. The Rare Earth Elements. 


; Atomic Atonsic 
Blement number Symbol weight Valences Oxide® Color of salts 











Cerium group 


Lanthanum....,.. 57 La 188 .92 3 LanOs White or colorless 
Corium......6... 58 Ce. 140.13 3 —_ White or colorless 
4 CeO. Yellow 
Praseodymium.,.. 59 Pr 140.92 3 _ Creen 
4 PrOu Black (oxide) 
Neodymium....... 60 Nd 144.27 3 Nd.0, Biue-violet 
Promethium’ ..,. 61 Pm 146 3 Pm,0; Rose 
Samarium..... .. 62 Sm 150.43 2 —_ Red 
(8a) 3 Sm.0 Cream 
Terbium group 
Europium,........ 63 Tau 152.0 2 —_ Colorless 
3 TusOs Colorless 
Gadolinium....... 64 Gd 156.9 3 Gd, White or colorless 
Terbium.......... 65 Tb 159.2 3 — White or colorless 
4 Tb,O7 Brown (oxide) 
Dysprosium....... 66 Dy 162, 46 3 Dy.0s Cream. 
Yitrium group 
Holmium......... 67 Ho 164, 94. 3 TYo:03 Cream 
Yrhium...... eee. 68 Er 167.2 3 Tires Pink 
Thulium.......... 69 Tm 169.4 3 Tmol)s Green 
Ytterbium........ 70 Yb 173.04 2 _ Green 
3 YiiOs Colorless 
Lutetium 
(lutecium)...,... 71 Lu 174,99 3 Lind Colorless 








4 Ignited in air. ot . . 
+ Promethium, because of its relatively short half-life, is not found in nature, but is a product of 
the fission of uranium. ; 
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and bas similar properties. It is sometimes also known as the ytterbium group. 
This classification into three groups is used largely in discussions of the separations of 
the rare carths. Practically, there is considerable overlapping of the groups, and usu- 
ally only the “cerium earth” and “yttrium earth” groups are considered as being of 
sufficient differentintion. The transition from cerium group to yttrium group occurs 
approximately at gadolinium (at.no. 64); however, in group separations of the rare 
earths, gadolinium and its neighboring rare earths will be found in both groups. 

As the atomic number of the rare earths increases the elements become less basic 
in character, the salts generally become more soluble, and their properties differ less 
and less. Consequently, the separation of the rare earths is particularly difficult with 
the yttrium earths. 

The cerium earths, particularly certum, are the most abundant and ‘mportant of 
the rare earths. Because of the very small amount of the yttrium earths available in 
commercial ores, this group is of minor importance economically. 

Commercially, the rare earths are sold as “rare earth” materials, which include all 
of the rare earths in the ratios in which they occur in the ores; as “‘certum” materials, 
which may contain up to several per cent of other rare earths; and as “didymium, Di” 
or “Janthanum-didymium” materials, which consist of the cerium-free rare earths 
extracted from the ore. Other partially separated groups of.rare carths are best de- 
scribed by their compositions. For example, the classical meaning of ‘“didyimtum” 
refers to mixtures of neodymium and praseodymium, but practically, the compositions 
of such mixtures depeud on the method and degree of separation employed to get them, 

The rare earths, with the exception of lanthanum and lutetium, are character- 
ized by sharp absorption bands in the ultraviolet, visible, and near infrared, which 
result in the characteristic beautiful pastel colors of the rare earth salts. The ab- 
sorption bands are given by Moeller and Brantley (16). 

Analysis. Nearly all analytical methods for the rare carths involve precipita- 
tion of the oxalates with oxalic acid from approximately 0.2 N acid solutions, fol- 
lowed by overnight settling of the oxalate precipitates to ohtain complete precipita- 
tion, Oxalate precipitation separates the rare earths from most common elements, 
although double precipitations are necessary to obtain complete separation. Ignition 
of the oxalates gives oxides, and analyses are customarily reported as “rare carth 
oxide.” Conversion of “rare earth oxide’ to other forms of reporting analyses re- 
quires knowledge of the composition of the oxide, since cerium, praseodymium, and 
terbium salts on ignition in air give CeOs, PrOu, and Th,O;7 respectively, whereas the 
other rare earths form the sesquioxides, ReQs. 

The composition of rare earth mixtures may be determined by spectrophoto- 
metric analyses for all the rare earths except lanthanum, lutetium, and cerium (16). 
Because of the very sharp absorption bands of the rare earths, a calibrated spectro- 
photometer capable of good spectral purity is required. Lanthanum and lutetium 
are obtained by difference; rarely will lanthanum be accompanied by much lutetium, 
or vice versa. Cerium is easily determined by volumetric oxidimetry, Spectro- 
graphic methods may be employed in analyzing for small amounts of rare earths, 
especially in the determination of the purity of separated individual rare earth prepa- 
rations. 

Moderate to small amounts of rare earths may be estimated by observing their 
absorption spectra in chloride solutions with a direct-vision spectroscope using com- 
parison standards of known rare earth solutions, Qualitatively, many of the rare 
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earths may be identified by their absorption spectra in the visible region. Qualitative, 
and often roughly quantitative, estimations of the rare earth contents of monazite and 
bastnasite ores may he made by observing the reflection spectra of the samples with a 
small direct-vision spectroscope. In prospecting for rare carth ores, the finding of the 
characteristic absorption bands due to neodymium and praseodymium by observing 
the reflection spectra with a spectroscope is positive identification of the rare earths, 
since no other elements show this absorption. 


Rare Earth Ores 


Although there are many minerals containing rare earths, commercial ores of the 
rare earths are limited to monazite sand and massive monazite, and to bastuasite- 
type minerals; these are cerium earth ores. Minerals containing predominantly 
yttrium earths are rare and are not commercially significant. 

Monazite is an orthophosphate of the rare earths aud thorium. It occurs largely 
in placer deposits (see Vol. 3, p. 638), and in some pegmatite deposits as massive mona- 
zite. Massive monazite deposits of commercial significance are unknown except for a 
recent discovery in the Van Rhynsdorp district in the Union of South Africa, which is 
becoming a major producer of the ore. Placer deposits of monazite sand are found 
principally in Florida and Idaho, and in Brazil (Espirito Santo), India (Travaucore), and 
Australian beach sands. Although monazite sand was mined in small-scale operations 
in North and South Carolina until 1909, the only domestic procuction of monazite 
since that time has been in Idaho and Florida, and these states have recently supplied 
the entire U.S. rare earth industry. Monazite was formerly mined solely for its thorium 
content (8-9% ThOs); however, since 1920, the rare earth content of the ore has been 
of greater importance, 

Bastnasile, a cerium carth fluocarbonate containing only traces of thorium, is 
found in Lincoln County, New Mexico, and San Bemardino County, California. 
Commercial production from the California deposits started in 1951, and this source 
is a major supplier of rare earth ore. 

The relative abundances of the rare earths in monazite from different sources are 
fairly uniform, but bastnasite ores vary from source to source. Generally, cerium 
accounts for about one-haif of the rare earths in both monazite and bastnasite, but the 
relative amount of lanthanum is higher in bastnasite. A commercial monazite from 
Idaho has the following analysis: total of rare earth oxides plus yttrium oxide, Y2O0s, 
64.8%; ThOs, 3.5%; MgO, 0.1%; CaO, 0.3%; AlO; and FesOs, 0.6%}; TiOe, 0.2%; 
ZrOe, 0.1%. Monazites from Florida contain about 4% ThOs, and Brazil and India 
monazites contain about 6 and 8% ThOs, respectively. California bastnasite ore 
typically analyzes 26% total rare earth oxides and Y.Q3; ThO, 0.1%; MgO 3.6%; 
Ca0 6.1%; BaO 29.4%; and AlOs and FeeQs 2.8%. 

Xenotime is an orthophosphate of the yttrium earths containing smali amounts 
of cerium earths and thorium. It is not isomorphous with monazite, but occurs simi- 
larly to monazite in pegmatites and stream placers. Xenotime is a rare mineral and is 
not economically important, , 

Gadolinite is an yttrium earth iron beryllium silicate, Fe(YE):Bee(SiOw) (YE 
denotes yttrium earths) which occurs in some rare mineral pepmatites. It is a rare 
niueral which. is sometimes used as a source of gadolinium and the heavier rare earths. 
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Extraction 


The opening of monazite ores with sulfuric acid to obtain the rare earths follows 
the same procedures as used for extraction of cerium from the ore (see Vol. 3, pp. 
638-39). The rare earths are recovered from the thorium-free solution by precipita- 
tion with sodium sulfate to form ingoluble double sodium sulfates, or by oxalate pre- 
cipitation. These salts serve as the starting materials for the preparation of other 
rare carth salts. 

In some cases, it is desirable to treat the monazite with sodium hydroxide instead 
of sulfuric acid. Although the alkaline process is more costly thau the sulfuric acid 
methods, it has some advantages in that it makes possible the preparation of phosphate- 
free and thorium-free rare earth compounds using simpler chemistry than when sul- 
furie acid is used, but it is largely limited to high-purity monazite ores and to processing 
where the recovery of thorium is of secondary importance. The process consists in 
treating the ore with sodium hydroxide solution, usually wuder pressure, to convert 
the monazite into insoluble rare earth hydroxides and soluble trisodium phosphate. 
Lixiviation of the reaction product in water removes the phosphate, and the rare 
earth hydroxides are then dissolved carefully in acid, which at the same time separates 
the rare earths from thorium and residual phosphate. 

The working of bastuasite ores differs somewhat from that of monazite because no 
appreciable thorium is present, and phosphate contamination of the rare earth proc- 
ucts isnot a problem. However, the fluoride present in bastnasite requires facilities 
for its removal and recovery. Most bastnasite ores can be opened by heating with 
sulfuric acid. The pots, similar to those used for monazite, are equipped with fume 
recovery systems to collect the evolved hydrofluoric acid. Although some types of 
hastnasite can be treated directly with dilute acids to solubilize the rare carths, the 
efficiency of rare earth recovery is not high because of the formation of insoluble rare 
earth flnoride, which is difficult to handle and is contaminated with unreacted gangue 
materials in the ore. With bastnasite, once the rare earths are in solution, the making 
of rare earth products follows essettially the same course as that used for working 
monazite. 


Separation 


The separation of the trivalent rare earths ranks next to the separation of isotopes 
in difficulty. The greater portion of the literature on the rare earths is devoted to 
separation methods and to the preparation of rare earth compounds in the search for 
suitable variations in the properties of the individual rare earth compounds which 
might be utilized for their separation. 

Chemically, the rare earths are very similar, and the differences in properties of 
one rare earth compared to its adjoining neighbors are extremely slight. All the nat- 
ural sources of the rare earths contain mixtures of all the rare earths, but there may 
be a concentration of one group of rare earths in-a particular mineral, for example, 
the occurrence of the cerium earths in monazite as compared to yttrium earths in 
xenotime. Therefore, the obtaining of a pure individual rare earth requires its separa- 
tion from neighboring rare earths. 

. Except for cases where the rare earths can be separated by making use of valence 
differences, the order of separation of the rare earths follows the order of their atomic 
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number. For example, the solubilities of rare earth salts generally increase or de- 
crease as the atomic number increases. 

Cerium, samarium, europium, and ytterbium can be separated from the other 
rare earths rather easily since they may be couverted to valence states other than 
the trivalent. Since cerium may be easily oxidized to the tetravalent state, and since 
the properties of the tetravalent salts are considerably different from those of the tri- 
valent salts, cerium may be separated by oxidizing it to the higher state and precipitat- 
ing it as a tetravalent compound. Samarium, europium, and ytterbium ¢an be re- 
duced to the bivalent state or to the metal under conditions which do not affect the 
other rare earths, and can thus be separated. 

Although many processes have been suggested for separating the trivalent rare 
earths, only the following have proved to be practical to date: fractional crystalliza- 
tion, fractional precipitation from solution, ion exchange, and solvent cxtraction. 
Fractional crystallization is the only practical method now used for the commercial 
preparation of the individual cerium earths. Fractional precipitation methods are 
generally quite tedious, but have certain applications. on-exehange techniques are 
practical only when small amounts of extremely pure materials are desired. Solvent 
eatraction methods applied to the separation of the rare earths are new, but this tech- 
nique should be capable of separating the rare earths in quantity and in high purity. 


FRACTIONAL CRYSTALLIZATION AND PRECIPITATION 


The techniques of fractional crystallization and fractional precipitation are simi- 
lar in principle. A typical fractional crystallization may be used as an example 
(Fig. 1). 


x= crystals 
o=liquor 





Fig. 1. Fractional crystallization scheme, 


The starting solution of the chosen mixed rare earth salt is evaporated to a point 
where, on cooling, about one-half of the salt will crystallize. The crystals are separated 
from their mother liquor, giving two fractions, crystals and liquor containing dissolved 
salts. The crystals are redissolved in a small amount of fresh solvent and evaporated 
to a stage where about one-half of the material will crystallize on cooling, and the 
liquor from the first crystallization is evaporated further, in a similar manner, to obtain 
one-half of it as crystals. The crystals and liquors are separated from these fractions, 
and the mother liquor from the second fraction is combined with the crystals from the 
second evaporation of the original fraction, with the result that the starting material is 
divided into three fractious. Each of these is then crystallized as before, and. the re- 
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sulting liquors are combined with the crystals obtained from the adjacent solution. 
In this way, each series of crystullizations results in one more fraction, and there is 
opportunity for less soluble components to work their way into the final crystals, 
and the more soluble components to the final solution. In order to obtain the best 
yields, the crystallization is continued by working the solution until it will no longer 
erystallize. The wumber of fractions required to obtain the desired separation <le-. 
pends on the purities required and the efficiency of the separation. In a particular 
fractionation scheme, all other factors being equal, the same number of fractions will 
eventually be necessary to obtain separation, regardless of the size of the fractions. 

The result of the fractionation is to obtain the less soluble and the more soluble 
components at the head and tatl of the fractionation series. Depending on the 
purpose of the fractionation, these components may be either a pure rare earth, or a 
desired mixture of rare earths which can be further separated in another fractionation 
using, for example, a different salt to obtam resolution of the mixture. Distributed 
between the crystals and the end solution are the intermediate components of the orig- 
inal mixture in their serial order, and if the fractionation has heen carried far enough, 
each of the intermediate rare earths will be in pure form in one or more fractions; 
also, mixtures of the pure rare earth with its neighboring rare earth will be tn the frac- 
tions adjacent to the pure fraction. 

No one separation process has been entirely perfected which is capable of separat- 
ing all of the rare earths in pure form in one series of fractionations. For this reason, 
when the fractionation process used hay reached its limit of practical efficiency, the 
impure fractions are removed from the series, and a different fractionation scheme is 
used to continue the separation. 

Except when certain solvent extraction techniques are used, the separation of the 
rare éarths becomes more and more difficult as the atomic number of the rare earth 
increases. This is because most of the property differences between the rare earths 
become smaller as the atomic ntumber increases. Hundreds of fractionations are 
required to obtain the individual pure ceri earths, and many thousands to obtain 
some of the yttrium earths. 

In many cases, it is possible to increase the efficiency of the separation by combin- 
ing fractions according to their analyses rather than according to the classical fractiona- 
tion scheme. The availability of good spectrophotometers today often makes such 
improvements practical, since the fractions can be easily analyzed quantitatively if 
the rare earths present have suitable absorption bands. Before the availability of 
adequate spectroscope equipment, it was often more tedious to perform control 
analyses than it was to follow the classical fractionation scheme. 

The specific separation process used to obtain the individual rare earths depends 
upon the type of rare earth material to he separated. The following descriptions will 
serve to illustrate the methods employed; they include recent advances in rare earth 
separation technique for preparing rare earths of moderate to high purity. 

Preliminary Group Separations. Since cerium and thorium are relatively easily 
separated from the rare earths, they are separated from the mixed rare earths before 
actual rare earth separation begs (see Cerium; Thorium), 

When starting with the mixed rare earths obtained directly from the ore, it is 
desirable to separate the rare earths roughly into the cerium group, the yttrium group, 
and in some cases also into the intermediate terbium group, ‘This is conveniently done by 

precipitation of the double sulfates with sodium or potassium sulfate; the precipitate 
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will contain the cerium earths with some coprecipitated terbium and yttrium earths, and 
the liquor will contain the higher-atomic-nmumber rare earths. The liquor may be 
treated to remove a crop of the terbium earth double sulfates, and the rare earths in the 
final soluble fractions are recovered by precipitation as oxalates (18}. 

The cerium earth group is converted to a nitrate solution, and to this is added. 
sufficient ammonium nitrate to ferm the double ammonium nitrate R(NQs);.- 
2NEUNO;.4H20. Separation of the rare earths then proceeds by fractional crystal- 
lization of this salt from aqueous solution (Fig. 2). 


Ce- and Th-free rare earth mixture 


Double sulfate separation 
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Fig. 2. Rare earth separation scheme. 


Lanthanum Separation. Lanthanum forms the least soluble double ammonium 
nitrate, so that the fractional crystallization of the mixed salt soon concentrates 
lanthanum, in the least soluble fractions, from which it may be recovered relatively 
s00OL as very pure material: Lanthanum is separated commercially in substantial 
quantities in purities as high as 99.97%, the principal impurity being praseodymium. 
Intermediate fractions from the lanthanum separation consist of mixtures of lanthanum 
and praseodymium containing some neodymium. 

Praseodymium Separation. Continuation of the fractionation of the inter- 
mediate fractions from the lanthanum separation to remove lanthanum on the less 
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soluble side and neodymium on the more soluble end produces separated praseo- 
dymium, Small lots of praseodymium of 95% or better purity are available com- 
mercially. 

Neodymium Separation. When the soluble ends from the lanthanum separation 
are further fractionated, to remove praseodymium und lanthanum in the less soluble 
fractions and samarium and smaller amounts of the terbium and yttrium earths on 
the soluble side, some neodymium will be recovered in the intermediate fractions. A 
considerable amount of the neodymium will be removed from the soluble end of the 
series in fractions which will not crystallize easily, together with the samarium and the 
heavier rare earths. These soluble fractions are converted to the double magnesium 
nitrates, 2R(NO;)33Mg(NOg)o.24H.0, and fractional crystallization is continued 
from aqueous solution with this salt. Neodymium is then concentrated in the insolu- 
ble fractions, and sufficient fractionation will separate neodymium from praseodymiun, 
samarium, and the heavier rare earths. 

Neodymium salts are made commercially for glass coloring use in purities of 95 
and 99%. 

Samarium Separation. ‘The soluble ends of the neodymium magnesium nitrate 
fractionation are combined with double magnesium nitrates from the intermediate 
double sulfate fraction if this was obtained in making the preliminary group separa- 
tion. Continued fractionation of the double magnesium nitrates in the presence of 
bismuth nitrate leads to coneentration of samarium in the insoluble fractions and 
gadolinium and the terbium and yttrium earths in the soluble fractions. The bismuth 
salt is isomorphous with the rare earth salts, and in solubility it is intermediate be- 
tween samarium and europium. It therefore acts as a “separating element,” and 
intermediate fractions containing bismuth with europium will be formed. The in- 
soluble fractions containing samarium are removed, anrl samarium is most easily 
separated from these by reduction to amalgani with sodium amalgam (10,11). 

Although samarium can be separated by sodium amalgam extraction directly 
from the soluble ends of the neodymium magnesium nitrate fractionation, it is not al- 
ways advisable to remove it at this point, because europium and ytterbium also form 
amalgams under thesame conditions. Fractionation of the double magnesium nitrates 
with bismuth removes ytterbium from the samarium fractions. The sodium amalgam 
separation of samarium is then accomplished by agitating an acidified acetate solution 
of the rare earths with liquid sodium amalgam. Samarium, accompanied by any euro- 
pium present, is reduced to metal, which dissolves in the sodium amalgam and can be 
withdrawn, Repeated extractions of the acetate solution will remove substantially 
all of the samarium and europium present, and decomposition of the amalgams by 
washing with dilute acid gives a samarium-europium solution, from which these rare 
earths may be recovered. ‘To remove small amounts of other rare earths which con- 
taminate the samarium, the sodium amalgam extraction is repeated. 

Europium is removed from the separated samarium by preferentially reducing 
the europium to the bivalent state with sodium amalgam or zinc or by electrolysis, 
and simultaneously precipitating insoluble europous sulfate (11,14). Barium sulfate 
and strontium sulfate are isomorphous with europous sulfate and the precipitation of 
these as “carriers” (compare Radiochemistry) during the reduction of europium is 
often helpful. . 

Samarium separation is practiced commercially to give 99 and 99.9% purities 
on laboratory or small-scale operations. 
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Europium Separation. Europium may be removed from erude rare earth mix- 
tures such as the soluble ends of neodymium magnesium nitrate crystallization by the 
method of MeCoy (12) which consists of reducing the europium in solution with 
powdered zine while precipitating bariwn sulfate as a carrier. 

Europium separation methods are based on the reduction of soluble trivalent euro- 
pium salts to insoluble divalent curopous salts. The most ecnvenient reducing azent 
is zinc metal in acid aqueous systems. Since curopous salts in aqueous solution are 
very easily oxidized by air and even by water with evolution of hydrogen, they must be 
made and kept under reducing conditions with an excess of reducing agent, (zinc) 
present. Europium separation methods therefore require repeated reductions with 
zine to maintain the europous state. 

The crude barium sulfate-europous sulfate is treated to recover the rare earths 
present. The europium in the rare earth fraction is substantially purified by passing 
the chloride solution of the rare earths through a Jones reductor (a column containing 
amalgamated zine granules) to again reduce europium to the divalent state. The re- 
duced solution from the reductor is collected in dilute sulfuric acid, and the europous 
sulfate is precipitated and may be recovered by filtration (12). Although samarium 
aud ytterbium also form insoluble divalent sulfates, they are not reduced by zine to 
the divalent state. The Jones reductor europium product is not pure, and purification 
of this europium concentrate is effected by treating a chloride solution of the concen- 
trate in strong hydrochloric acid with zinc to again reduce europium to the divalent 
state. Since europous chloride is insoluble in hydrochloric acid and the trivalent rare 
earth chlorides are soluble, the europium precipitates as europous chloride and can 
be separated by filtration (18). 

Repetition of the europous chloride precipitation gives pure europium. 

Europium salts are available commercially in small quantities, Because of the 
very small content of europium in rare earth ores, the amounts of europium available 
are not large. The production of europium salts does not amount to more than an 
average of 50 to 100 grams of oxide per year, although the relatively large amounts of 
residues available from large-scale separations ‘of lanthanum and neodymium are 
capable of producing maity times this amount of europium salts. 

Gadolinium Separation. The soluble double sulfate fraction from the pre- 
liminary group separation, and the soluble ends from the samarium magnesium nitrate 
crystallization, are converted to rare earth bromates and combined. The solubilities 
of the rare earth bromates in water decrease with increase in atomic number to gadolin- 
jum, and then inerecase. Therefore, this salt is ideally suited for the separation of 
gadolinium. By fractional crystallization of the bromates gadolinium is collected in 

the insoluble fractions. Although the fractionation can be continued to produce very 
pure gadolinium bromate, it is easier to stop the fractionation for gadolinium when a 
gadolinium-samarium mixture is obtained in the least soluble fraction; the content of 
other rare earths in this fraction must be made small enough to give the desired final 
gadolinium purity after samarium is removed from the mixture by sodium amalgam 
extraction, ‘This method for separating gadolinium also recovers appreciable quanti- 
ties of samarium containing small amounts of europium which have heen carried 
through the fractionation. 

Gadolinium salts are available commercially in purities of 98% and greater. 

Terbium, Dysprosium, and Holmium Separation, Continucd fractionation of the 
soluble bromates from the gadolinium purification. will eventually give terbium 
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bromate in the intermediate fractions with gadolinium accumulating in the insoluble 
fractions and dysprosium in the yttrium earths in the soluble fractions. Since the 
amount of terbium in natural rare earth mixtures is very small, it is one of the most 
difficult rare earths to separate. It is better to fractionate the bromates until terbium, 
dysprosium, holmium, and some yttrium have been gathered in the intermediate 
fractions, These fractions are converted to the simple nitrates and are fractionated 
in the presence of the isomorphous bismuth nitrate from strong nitric acid solution. 
erbium is then obtained in the insoluble nitrate fractions, dysprostum in the inter- 
mediate fractions, and a mixture of holmium and yttrium in the soluble fractions. 

The separation of holmium from yttrium is accomplished by fractional basic 
precipitation with bases such as very dilute ammonia or urea in hot solutions (2), or 
by fractional decomposition of the nitrates. These methods are based on the fact that 
yttrium is more basic than holmium; aecordingly, holmium tends to concentrate 
in the insoluble fractions. Fractional precipitation with bases is performed by very 
slowly adding the base to the stirred solution until about one-half of the material is 
precipitated. ‘The precipitate is removed by filtration and dissolved in acid; fractional 
precipitation is then continued on the precipitate and filtrate fractions. Fractional 
decomposition of the nitrates is accomplished by heating the nitrates at a temperature 
of about 300-400°C. until partial decomposition occurs, lixiviating the mass with hot 
water, and collecting the insoluble portion by filtration. The filtrate contains the 
more basic rare earths and yttrium and is evaporated to dryness; the water-insoluble 
portion is taken up in nitric acid and evaporated, and the fractional decomposition is 
continued. 

Erbium, Thulium, Ytterbium, and Lutetium Separation. The soluble ends of the 
bromate crystallization obtained from the terbium-dysprosium-holmium separation 
are further crystallized until fractions consisting of erbium and yttrium, thulium and 
ytterbium, and ytterbium and lutetium are obtained. These binary mixtures are 
then resolved into the purified rare earths, 

The erbiun-yttrium bromate fractions are relatively easily obtained free of hol- 
mium bromate, since yttrium separates between erbium ard holmium in the bromate 
crystallization. The erbium-yttrium fractions may be resolved into erbiim and 
yttrium by the same methods used for separating holmium from yttrium; however, 
the more rapid fractional precipitation of the insoluble ferrocyanides is preferably 
used (17,24). 

The thulium-ytterbium and ytterbium-lutetium fractions are most easily resolved 
by removing the ytterbium from acetate solutions with repeated sodium amalgam 
extractions in & manner similar to that used for samarium separation (10,19). 


ION-EXCHANGE SEPARATION 

The ion-exchange technique for the separation of the rare earths is most applicable 
to the preparation of small quantities of very pure rare earths. The method has not 
been used commercially for large-scale separations of the cerium earths because the 
classical fractional crystallization methods are more economical in giving the individual 
cerium earths of purities suitable for commerce. 

The ion-exchange method involves adsorbing the mixed rare earths from a neutral 
nitrate solution on the top of a column containing a cation exchanger in the hydrogen 
form. _ Ion exchange resins used for this purpose are Dowex 50 and Ambertite IR-100 
{see Ion exchange, Vol. 8, p. 13). The rare earths are then individually eluted from the 
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column with 0.1-5% citric acid solutions adjusted to only slight acidity with am- 
monium hydroxide. The pH of the citrate eluent can be adjusted so that the rare 
earths are selectively eluted from the column beginning with the heaviest rare earth. 
The rare earths are collected in fractious, and the rare earths which predominate in the 
starting mixture will be obtained in a fairly pure state in the eluent fractions; these 
pure fractions will be preceded and followed. by fractions containing the rare earth with 
its neighbor. Readsorption of the mixtures and of the separated rare earths eventu- 
ally leads to isolation of the pure rare earths (3,27,28,29,31,32). 

The ion-exchange method has produced the best rare carth separations obtainable 
to date in terms of the purity of the separated rare earths. It has been possible to 
separate some of the rare earths in such pure state that less than a few thousaudths of 
one per cent of other rare earths are present as impurities. Using the ion-exchange 
technique, the first successful separation of element 61, promethium, was made (9). 


SOLVENT EXTRACTION SEPARATION 


Recently, a practical rare earth separation method based on the fractionation of an 
aqueous solution of mixed rare earth nitrates by selective extraction with immiscible 
tri-n-butyl orthophosphate has been developed using countercurrent extraction teeh- 
niques (22,35). This extraction system promises to be an important tool in rare 
earth separation work, chiefly because the differences in extraction coefficients for 
adjacent rare earths are approximately equal throughout the entire rare earth scries 
under proper conditions, aud are sufficiently large to be useful. This is in contrast 
to other methods of separating the rare earths where the difference between adja°ent 
rare earths becomes smaller as the atomic number increases. 


Rare Earth Metals 


Properties. The rare earth metals have a silver-gray luster, but tarnish quickly 
inair. The cerium group metals are soft enough to be cut with a knife, but the hard- 
ness of the metals increases with atomic number. Oxide-free metals are very malle- 
able, but oxide inclusions resulting from remelting reduce their malleahility. The 
metals are good heat conductors and fair electrical conductors. 

Lanthanum, cerium, and praseodymium exist in two allotropic forms, hexagonal 
close packed and face-centered cubic; on heating, there is a transformation to the face- 
centered cubic form. With the exception of europium and ytterhium, the other rare 
earth metals exist only in the hexagonal close packed structure. Furopium has a 
body-centered cubic structure, and ytterhbium exists only in the face-centered cubic 
structure. ; ; 

Densities and melting and boiling points for the rare earth metals are given in 
Table TI, 

The metals tarnish rapidly in moist air with the formation of a loosely adhering 
oxide film which spalls off and exposes more of the metal surface for oxidation. The 
metals react with hot and cold water and are soluble in dilute acids. Concentrated 
sulfuric acid does not react easily with the metals. 

The rare earth metals are active reducing agents und reduce many of the metal 
oxides. They ignite in air (cerium at 150-180°C.), and commercial misch metal 
(mixed rere earth metal) is pyrophoric on filing. The metals combine directly with 
halogens above 200°C. and with nitrogen above 1000°C. Sulfides, carbides, silicides, 
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phosphides, etc. are formed by direct union on heating. Hydrogen is adsorbed by 
the metals at room temperature, and more rapidly at higher temperatures, forming 
interstitial hydrides (see under “Metallic hydrides,” vol. 7, p. 597) approximating 
the composition RHa.s. 

Tho rare earth metals form alloys with nearly all metals. Commercially impor- 
tant alloys are misch metal and ferrocerium, and lanthanum-enriched misch metal. 

Preparation. The rare earth metals can be prepared by several methods: elec- 
trolysis of the fused rare earth chlorides; electrolysis of ceric oxide in fused cerous 
fluoride; reduction of the anhydrous rare earth chlorides with metals such as sodium, 
potassium, magnesium, calcium, or aluminium; reduction of rare earth fluorides with 
magnesium; and thermal decomposition of amalgams. 


TABLE II. Physical Properties of the Rare Earth Metals. 











Afetul An, OG Bep., °C. Density 
Lanthanum............. 835 + 15 4515 + 150 6.19 
MOVIUM. oe ees 703 £5 2690 + 70 6.8 
Praseodyinium.......... 950 + 10 3200 += 90 6.8 
Neodymium............ 820 + 10 ~— 7.00 
Samarium... .... eee 1350 —_ 6.93 
Europium...........-.. 1150 + 50 — 5.24 
Gadolinium,.,.......... — _ 7.95 
Terbium............... — _— 8.33 
Dysprosium. ... 2.2.2... — — 8.56 
Holmium............... — — 8.76 
Erbium... ..... 0... 1250 — 9.16 
Thulium..,.........-.. —_ —_ 9.35 
Ytterbium...,.......... 1800 (approx.) _ 7.01 





¥Yttrium.......... 0.0005 1452 2500 4.34 


Large-scale commercial preparations of rare earth metals (misch metal and cerium 
metal) are accomplished by the electrolysis of the fused rare earth chlorides (see Vol. 
3, p. 642). 

Small-scale preparations of rare earth metals are also made by electrolyzing the 
fused chlorides, but very pure rare earth metals are best, made by calcium reduction 
of the anhydrous rare earth chlorides (1,26,30,33). This reduction is performed by 
heating a mixture of the powdered anhydrous chloride and ground calcium metal in 
tantalum, magnesia, or dolomite crucibles to the reaction temperature (about 650- 
750°C.). A “booster” of iodine in the mixture initiates the exothermic reaction; 
this results in a temperature rise to about 1400°C., which allows the rare earth metal 
to agglomerate in the bottom of the crucible. The metal so produced is a caleium— 
rare earth alloy. Calcium is removed from the rare earth metal by volatilization of 
the calcium in high vacuum in an induction furnace. The calcium reduction method 
is applicable to all of the cerium earths except samarium. 

Misch metal and cerium metal are regular commercial products. Small amounts 
of didymium, lanthanum, and neodymium metals are sometimes made commercially. 
Lots of a few grams of the other individual rare earth metals are available for research. 
‘Highly purified individual rare earth metals are difficult to obtain because of the scar- 


city of many of the rare earths and of the difficulties and expense of their preparation 
in a pure state, 
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Rare Earth Alloys 


The most important alloy of the rare earths is misch metal (sec Vol. 3, p. 642), 
an alloy of the rare earth metals in the approximate ratio in which they occur in the ore. 
Misch metal is often sold as “cerium metal.’ The composition of the rare carth metal 
contained in misch metal made from monazite is approximately 50°% Ce, 18% Nd, 5% 
Pr, 1% Sm, and 24-26% La and other rare earth metals. The actual rare earth metal 
content of misch metal is about 94-99%, and it contains traces of Ca, C, Alup to 1% 
Si, and up to 1-2% Fe. 

Lanthanum-enriched misch metal has recently been marketed for certain metal- 
Jurgical applications; this metal contains about 27% La and 47% Ce, the other rare 
earth metals being present in about the same proportions «is in misch metal, 


USES OF RARE EARTH ALLOYS 


Lighter flints made of misch metal alloyed with 18-30% Fe are one of the largest 
uses of the rare earth metals. This use normally amouuts to about one-quarter of 
the commercial production of rare earth materials in the U.S. Since about 1949, 
there has been considerable interest in and a significant use of misch metal and lan- 
thanum-enriched misch metal in making basic electric or open-hearth steels. Prop- 
erly made rare earth-containing steels can be forged with less cracking, and cast steels 
containing about 2 lb. misch metal per ton have good low-temperature impact resist- 
ance (5,7). 

The use of about 0.751% misch metal improves the tensile properties of cast 
iron, giving a nodular-graphitic cast iron that can be used, in some applications, for some 
machine parts previously made from ordiuary carbon steels (21). The addition of 
misch metal up to 0.2% improves those high alloyed austenitic stainless steels that 
would otherwise be hot short and difficult or impossible to roll, and miseh metals addi- 
tions also improve low alloyed austenitic stainless steels that are not hot short (1a,23). 

Tn aluminum and magnesium alloys, misch metal generally increases their high- 
temperature strength so that such alloys find special application in aircraft engine 
parts which operate at high temperature. Magnesium alloys containing 0.1-0.9% 
Zr and up to 4% misch metal are used for some jet engine castings (6,1). 

Other applications of misch metal include its use in small amounts in nickel alloys 
for improving high-temperature oxidation resistance, and its use as a deoxidizer in 
copper and copper alloys. 


Rare Earth Compounds 


With the exception of cerium, nearly all of the significant rare earth compounds 
contain the trivalent rare earth ions. Bivalentyrare earth compounds are formed only 
by samarium, europium, and ytterbium, and these salts are important only in the 
separation of these rare earths; the bivalent compounds are active reducing agents 
and are oxidized by air in aqueous solution; they reduce even water, liberating hydro- 
gen. Compounds corresponding to the higher oxides Pre0y, and Tb,O; are rare or non- 
existent. Certum forms both trivalent and tetravalent compounds, and both are 
stable and have important uses, 


Acetates. 


Rare earth acetates are water-soluble salts made by dissolving rare earth hydrox- 
ides, oxides, or carbonates in acetic acid and crystallizing the salt. They are stable 


516 RARE EARTH METALS 


salts which are less soluble in hot soltttions than in eold, The individual rare earth 
acetates have no important uses, but the mixed rare earth acetates are sometimes used 
for textile waterproofing. 


Carbonates. 


The normal carbonates are insoluble in water, and are prepared by treating neutral 
rare earth solutions, preferably the chloride, nitrate, or sulfate, with sodium carbonate 
er sodinm bicarbonate. The carbonates tend to precipitate mm a gelatinous form, 
but hy proper control of the precipitation a granular product is obtained. With an 
excess of sodium carbonate, there is a tendency to form partially soluble double 
varbonates with sodium carbonate, and this tendency increases with the rare earths 
of higher atomic number. The carbonates are important, since other rare earths salts 
may he prepared from them, and they may be ignited to oxides. Mixed rare earth 
carbonate and didymium carbonate find use in the glass industry as coloring agents, 
and in the manufacture of temperature-compensating ceramic capacitors. 


Halides,. 


Fluorides. The fluorides are insoluble in water and dilute acids, and precipitate 
in hydrated form as a gelatinous precipitate when acidified rare earth solutions are 
treated with an excess of hydrofluoric acid. Anhydrous fluorides may be prepared. 
by treating the rare earth oxides with hydrogen fluoride. Commercial anhydrous 
fluoride is made by drying the precipitated fluorides at about 150°C. 

The mixed rare earth fluorides obtained from monazite are important in the manu- 
facture of cored carbons for arc lighting. 

Other Halides. The chlorides, bromides, and iocides of the rare earths are 

~ water-soluble salts, the solubility increasing as the atomic number of the rare carth 
increases. The hydrated salts are easily made by dissolving the rare earth hydroxide, 
earbonate or oxide in the halide acid. The anhydrous chlorides, bromides, and 
jodides are difficult to preparc, since the salts hydrolyze on heating to give basic 
halides, Small preparations of the anhydrous chlorides and hromides may be made by 
heating the hydrated salts or oxides with ammonium chloride or bromide and then 
removing the excess ammonium salt by heating in a vacuum (25). The anhydrous 
ehlorides may also be prepared by drying the hydrated chlorides in a stream of anhy- 
drous hydrogen chloride (4). 

The bromides and iodides have no important uses, but the chlorides are important 
since they serve as the source for making the metals, 


Hydrides. 


Rare earth metals exothermally absorb hydrogen slowly at room temperature, 

and rapidly at moderate temperatures, giving interstitial hydrides which approach 

_the composition RH». The hydrides evolve hydrogen at 1000°C., and are attacked 
by acids and alkalies. The hydrides have no important applications. 


Nitrates. 


The nitrates are soluble in water and are prepared by dissolving rare earth hydrox- 
ides, carbonates, oxides, or oxalates in nitric acid. They crystallize as the hexahy- 


RARE EARTH METALS 517 


drates, R(NO;)3.6H20. Ignition of the nitrates yields basic nitrates which deeome 
pose to the oxides. 

Double rare earth nitrates are important in the separation of the rare earths. 
These double salts are formed with ammonium nitrate and the alkali nitrates and with 
many bivalent metal nitrates; they have the general compositions R(NO;)s.2M'NO3.- 
2-4H20 and 2R(NOs)3.3M"4(NO,)2.24H.0, The only important double nitrates of 
the trivalent rare earths are those with ammonium and magnesium, R(NOs)s.2N Ha 
NO;4H20 and 2R(NOs)s.8Mg(NO,)..24E0, which find use in the separation of the 
rare earths. The double nitrates are made by mixing solutions of the two salts and 
crystallizing. Their solubilities increase as the atomic number of the rare earth 
increases. 


Oxalates. 


The addition of oxalic acid to solutions of the rare carths precipitates insoluble 
rare earth oxalates, Ra(C20.)3.[0H.0. The oxalates precipitate first in the amor- 
phous state, but rapidly become crystalline. Oxalate precipitation of the rare earths 
is an important means of obtaining the rare earths free from other materials, and is 
used extensively in the analysis of rare earth materials. 

The oxalates are slightly sohtble in mineral acids, but the solubility decreases if a 
moderate excess of oxalic acid is present, Alkali metal oxalates appreciably dissolve 
the ytrrium earth oxalates, but the cerium earth oxalates are only slightly solubilized. 
Strong nitric acid solutions convert the oxalates to the nitrates and the oxalates are 
decomposed hy hot concentrated sulfurte acid, giving the anhydous sulfates. 


Oxides and Hydroxides. 


The oxides are prepared by iguiting the hydroxides, carbonates, or oxalates. 
Cerium, praseodymium, and terbium are oxidized to the higher oxides CeQo, PraOu, 
and ThiQ;, respeetively, whereas the other rare earths form the sesquioxides, ReOQs, 
when ignited in air. The higher oxides of praseodymium and terbium are mtensely 
colored, and impart their colors to mixtures of rare earth oxides containmg them; 
less than 0.1% of these oxides in rare earth oxide mixtures colors them appreciably, 
in many cases entirely masking the color of the principal rare earth present, With 
the exception of ceric oxide, the cerium earth oxides are readily soluble in strong acids. 
The yttrium earth oxides are not so easily dissolved by acids, owing to their reduced 
basicity. . 

The rare earth oxides are important commercially, Mixed rare earth oxides are 
used in glass coloring and also in the cores of are carbons. 

The hydroxides R(OH)s,, are insoluble in water but are readily taken up by acids, 
The hydroxides of the higher-atomic-number rare earths are least basic, and this is re- 
flected in the pH of precipitation of the hydroxides fram aqueous solution: precipita- 
‘tion of lutetium hydroxide begins at pH 6.3, and that of lanthanum hydroxide at 
pH 8.2, the other rare earths having intermectiate values in the order of their atomic 
numbers (20). 

Cerous hydroxide is slowly oxidized on standing in air to a hydrated ceric oxide, 
with an accompanying change in color from colorless to yellow; this oxidation is 
also effected in the presence of the other rare earths. 

The hydroxides are important compounds and serve as souree materials for many 
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rare earth salts, Mixed rare earth hydroxides obtained from commercial ores are 
used in glass decolorization since they provide ceric cerium as an oxidizing agent 
and neodymium and praseodymium as physical decolorizers. 


Phosphates. 


Rare earth orthophosphates are insolible in water, but are soluble in dilute 
mineral acids and in an excess of phosphoric acid. They are precipitated in 4 gelati- 
nous form by treating rare earth solutions with soluble orthophosphates or phosphoric 
acid. Naturally occurring phosphates are monazite, a cerium earth orthophosphate, 
and xenotime, the yttrium earth analog of monazite. The phosphates have no im- 
portant uses, 


Sulfates. 


Anhydrous rare earth sulfates, Re(SO,.)a, are prepared by heating the hydrated 
sulfates at about £00°C., or by heating « rare earth salt with concentrated sulfuric 
acid to couvert the salt to the sulfate and then driving off the excess sulfurie acid. 
The anhydrous sulfates are easily soluble in cold water. They are markedly less 
soluble in hot solutions, and precipitate from aqueous solutions as hyclrated sulfates 
which are difficult to redissolve. The hydrated sulfates are generally octahydrates, 
although lanthanum forms the nonahydrate, 

Rare earth sulfates form less soluble double sulfates with alkali sulfates, am- 
monium sulfate, and thallous sulfate. They generally have the formula represented 
by the sodium salt, Re(SO.)2.NaeS04.2H20. Only the sodium and potassium double 
sulfates are importaurt. 

The solubilities of the sulfates and double sulfates increase as the atomic number 
of the rare earth increases. Cerium earth double sulfates are sparingly soluble in 
water, and are less sohible in sulfurie acid and alkeah metal sulfate solutions. The 
ytrrium earth double sulfates aré quite soluble, however, und the terbium earth com- 
pounds have intermediate salubilities. These solubility differences offer a convenient 
means of making group separations of the rare earths. 

Precipitation of dowble sodium rare earth sulfates is used commercially in some 
applications to recover rare earths fron ore extract solutions. Although there is some 
loss of the yttrnim earths in this precipitation, the method is one of the best for work- 
ing with rare earths ona large scale. 

The sulfates and double sulfates of the rare earths haye no important commer- 
eial uses except as a source of rare earths for conversion to other salts, Both the sul- 
fates and double sulfates may be converted to hydroxides by boiling with alkalies, 
an other salts may be made from the washed hydroxides. 


COMMERCIAL RARE LARTILT COMPOUNDS 


The principal rare earth compounds of commerce are the chloride, hydroxide, 
fluoride, oxide, and carbonate, These are prepared from the mixed cerium group 
rare earths as extracted from the ore, from cerium-free rare earths (commercially 
called “didymium”’), aud from partially or highly purified cerium, lanthanum, and 
neodymium salts. Typical compositions of the rare earth mixtures: in commercial 
rare earth salts are given in Table III. These compositions reflect the relative abun- 
dance of the rare earths in nature. 
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TABLE III. Composition of Rare Earths in Commercial Rare Earth Salts. 





Composition of contained rare carth oxide, & 














CeOz Tia2Os PrOu NdeQa SimeO; GdeOs Yadunnd 

“Rare earth” salts from monazite 48 2-4 § 19 2 0.8 0.5 
“Rare earth’ salts from bastnasite 48 37 3.5 10 1 <—0.5-~> 

Jorium salts (commercial) 97 ——— “3 > 
Gerium salts (purified) 99.9 - 0.1 ——> 
“Didymium” salts from monazite 1 45 11 38 4 <—|1—— 
“Didymium” salts [rom bastnasite 1 71 6.5 19 2 <—0.5— 
Lanthanum salts (purified) 0.001 909.97 0.02 -~ — —_— _ 
Neodymium salts (75%) 0.2 — 15 7 6 2 1.8 


5 
Neodymium salts (95%) _ — 2-3 95 2-3 ~_ _ 








USES OF RARE EARTH COMPOUNDS 


Rare earth fluoride and rare earth oxide are used in the cores of carbons for are 
lighting in searchlights, motion-picture projectors, ctc. (see Carbon (arc)). Rare 
earth chloride or acetate is used as a rare earth source for textile waterproofing with 
insoluble rare earth soaps; since the rare earth soaps are not readily attacked by al- 
kalies, they are more suitable for this purpose than are aluminum soaps (see Waier- 
proofing). Paint driers formulated from rare earth soaps find some applications, 
particularly in baked finishes. 

The glass industry is a significant user of rare earth salts (see Glass). Ccric salts 
are good oxidizing agents and are used for glass decolorization, and the colored rare 
earths (neodymium and praseodymium) are goocl physical decolorizers for oxidized 
iron in glass. JRare earth hydroxide is used in glass im small amounts for decolorizing, 
or in Jarge amounts as an ultraviolet light absorber. The ultraviolet absorption of 
the rare earths is due largely to intense absorption bands exhibited by cerium. 

Neodymium and praseodymium salts have characteristic colors—blue-red and 
green, respectively—and are used in colored novelty and table glassware. Although 
their cost is relatively high, the colors produced are very beautiful and show dichroism. 
The use of selenium with neodymium oxide enhances the color and permits the use of 
less of the rare earth. Since the colors of neodymium and praseodymium are com- 
plementary, they must be of at least 95% purity to be successfully used in glass coloring 
when their individual colors are desired. Neodymium salts are also used in porcelain 
colors. See Colors for ceramics and glass. 

The absorption bauds of neodymium and praseodymium salts in the yellow re- 
gion of the spectrum are such that these salts effectively absorb yellow sodium light. 
Didymium oxide is therefore used in glass blowers’ goggles and in some welding - 
goggles. Tinted spectacle lenses and colored glass for sunglasses are often made with 
small amounts of didymium. Spectacle lenses containing neodymium (Neophan) — 
tend to accentuate the signal colors (ved, yellow, and green), and at the same time 
are efficient sunglasses. 

Nonsilica optical glasses containing pure lanthanum and ihorium oxides find ex- 
tensive use in high-grade camera lenses when good definition at high aperture is re- 
quired. Certum oxide is used in photoseusitive glass as an optical sensitizer (see Vol. . 
7, p. 187}. Cerium oxide is used as a stabilizer to prevent browning caused by radia- 
tion in glasses used as radiation shields for handling highly radioactive materials. 
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Lanthanum, cerous, europium, and samarium salts have been used as activators 
in red and infrared phosphors. See Luminescent materials, 

With titanium dioxide, rare earth oxides, particularly didymium and neodymium 
oxides, are used in eeramic capacitors having tailor-made temperature coefficients 
of capacitance. 

Specially prepared ceric oxide and rare earth oxides are used extensively in glass 
polishing, particularly in the polishing of glass for mirrors, and in precision and ophthal- 
mic optical-glass polishing. These polishing oxides are marketed as “Cerox’’ (ceric 
oxide), and “Rareox” and “Barnesite”’ (rare earth oxides containing about 45-48% 
CeQ.). Although they cost, considerably more than conventional polishes such as 
rouge, aluminum oxide, and silica, they polish much faster and produce better quality 
surfaces. Most spectacle lenses are now polished with some. form of rare earth or 
cerium oxide. 

Cerium salts, or rare earth mixtures containing cerium, have some applications as 
catalysts in esterification and hydrocarbon dehydrogenation, and also as oxygen- 
carrying catalysts. 

Rare earth salts prevent blood coagulation, and dilute rare earth chloride solutions 
are used in embalming. Neodymium sulfoisonicotinate is used as a thrombosis pre- 
ventive. Gadolinium has the highest neutron absorption ability of any of the ele- 
ments, and it may find use in the control of nuclear reactors, Cerium oxalate, N.F. 
TX, is used medicinally as a nausea preventive. 


Economic Aspects 


The annual production of rare earth materials in the United States in the period 
1945-1952 was equivalent to about 3-4 million pounds of rare earth oxide. Most of 
these are used without separation of the rare earths into the individual rare earth 
compounds. Cerium salts of technical purity (containing about 2-39, of other rare 
earth salts) are the most important single rare earth salts. Many of the mixed rare 
earth salts made from. the ore without any rare earth separation except removal of 
most of the yttrium group are used for thetr content of cerium, and are sometimes re- 
ferred to as “technical grade” cerium salts. Next to cerium, purified lanthanum 
salts, followed by purified neodymium salts, are commercially the most important 
individual rare earth materials. 

Shortly after World War IJ, there was a significant increase in the use of the rare 
earths, but: limitations in ore supplies to the United States caused by embargoes by 
India and Brazil on monazite sand hampered a large expansion of the industry. 
Domestic exploration for rare earth oves in the few years after the war, together with 
the rising price of monazite sand, resulted in the establishment of monazite-producing 
industries in Florida and Idaho, and in bastnasite production in California and limited 
bastnasite production in New Mexico. The price paid for monazite in 1952 varied 
between $300 and $400 per short ton for ore analyzing 60% rare earth oxide. 

In 1952, typical prices for rare earth salts in large quantities ranged from about 
50¢ per pound for rare earth chloride and $2.00 per pound for ceric oxide to about 
$9.20 per pound for purified lanthanum oxide. Prices for some of the purified rare 
earths are considerably higher; neodymium oxide of 95% purity sells for about $25 
per pound, whereas 99.8% europium oxide costs about $300 per gram. 
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RASCHIG PROCESS. See Hydrazine, Vol. 7, p. 572; Phenol, Vol. 10, p. 289. 
RASCHIG RINGS. Sce Absorption, Vol. 1, p. 17. 
RAVISON OIL. See Fats and fatty oils. 
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RAYON 


The name “rayon” was proposed originally by Kenneth Lord. Tt was adopted 
officially in 1924 from dozens of suggested names by a special committee appointed by 
the National Retail Dry Goods Association. This name spread to many countries 
sometimes with local variation such as “rayonne” in France and “raion” in Italy. 
Tnasmuch as rayon was considered during its early development as a substitute for 
silk, it received mairy misnomers such as wood silk, fiber silk, and artificial silk. This 
unfortunate situation created much confusion in the retail trade. The confusiou was 
substantially clarified by christening the fabric rayon, which Lord thought resembled 
the rays of the sun. This change of name was an event of great importance in the tex- 
tile industry because it emphasized, for the first time, that awy man-made fiber, de- 
spite its outward similarity to any particular natural fiber, is actually a new fiber and is 
destined to stand or fall on its own distinctive properties and specialized uses. 

The Federal Trade Commission, on October 26, 1937, in its trade practice rules for 
the rayon textile industry officially defined rayon as a “textile fiber or yarn produced 
chemically from cellulose or with a cellulose base.” On December 11, 1951, the Com- 
mission revised and extended the 1937 rules for the rayon industry by issunig new 
trade practice rules for the rayon and acetate textile industry. In these new rules 
“rayon is defined as “man-made textile fibers and filaments composed of regenerated 
cellulose” and “acetate” is defined as “man-made textile fibers and filaments com- 
posed of cellulose acetate.” 

Rayon is manufactured principally by the viscose (xauthate) process. Some 
rayon is also manufactured by the cuprammonium process. The nitrocellulose proc- 

. esgis no longer used. Saponified cellulose acetate fiber, which conforms to the defini- 
tion of rayon since it consists of regenerated cellulose, is discussed under acetate, see 
p. 566, although some of its properties are also mentioned here for conparison. See 
also Textile chemical specialties; Textile fibers, synthetic; Teatile technology, Textile 
fesling. 

Rayon has many significant advantages over the natural fibers such as cotton and 
wool, Its fiber properties such as thickness, strength, luster, and color can be easily 
changed and accurately controlled during manufacture. This uniformity and versa- 
tility of rayon’s properties reduce mill waste to a minimum. It is available in a wide 
variety of physical forms, such as filament yarn (ustially multifilament, which consists of 
a number of fine continuous monofilaments lightly twisted together), fow (many paral- 
lel, continuous filaments grouped together in a ropelike form without twist) and staple | 
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(short lengths of filaments which van be spun into “spun yarn” on the conventional 
cotton and wool spinning systems). Furthermore, rayou’s availability is more certain 
since unlike natural fibers it is not affected by drought, flood, storm, and insect damage. 
Finally, tts price history is more stable than that of cotton. 

Rayon, the most versatile of all the textile fibers, is utilized in practically every 
type of woven, nonwoven, and knitted fabric from the sheerest chiffon to the heaviest 
satin. Rayon is found in all types of apparel—from dresses to bathing suits—and in 
many household furnishings. On the other hand, by modifying the manufacturing 
process, a tough, shock-resistant tire cord for industry can be produced. 

The annual total world production for rayon in 1951 was 3,366,000,000 Ib. This 
was an all-time high and was approximately 15.6% of the total world production of the 
four major textile fibers, cotton, wool, rayon, and acetate. 

The rayon industry had its historic beginning in Europe (13,28). The manufac- 
ture of rayon became a commercial possibility primarily through the pioneering efforts 
of Count Hilaire de Chardonnet who is generally acknowledged as the ‘father of the 
rayon industry.” He obtained his first patent in 1884 and began production of yarn 
by the nitrocellulose process at Besangon in 1891 (35). His work culminated the ef- 
forts of all his predecessors, Hooke, Reaumur, Audemers, Ozanam, Swan, Weston, 
Hughes, and others. 

The viscose process was developed in England. In 1891 the viscose reaction was 
discovered by Cross, Bevan, and Beadle (32), and a method of coagulation was pat- 
ented by Stearn (33) in 1898. Samuel Courtaulds and Company entered this field 
when they bought the British rights to the process in 1904. A few years later, in 1910, 
they built the first viscose rayon plant in the United States which later was to become 
the American Viscose Corporation. After World War I the viscose rayon industry 
expanded rapidly because of the almost universal economic boom. Many new plants 
were built in the U.8., England, Japan, and elsewhere. The industry’s remarkable 
growth continued through the great financial crisis of 1929 and today it has spread 
throughout the world. As of the end of 1953, rayon is being produced in 37 countries, 
by 152 companies, in 197 different plants (4a). Countries which have recently started 
to produce rayon by the viscose process are Cuba (1948), Egypt (1948), India (1950), 
China (1953), Australia (1953), Philippines (1953), and Israel (1953). 

The cuprammonium process was first patented by Despaissis (86) in France in 
1890, but was made a commercial success by Fremery and Urban in Germany. This 
process was first used in two factories owned by the Vereinigte Glanzstoff Fabriken 
A.-G. in 1899, but was abandoned after a few years in favor of the viscose process. 
Many years later, in 1918, the J. P, Bemberg A.-G. began to spin cuprammonium rayon 
by the Thiele stretch process (38). This process was brought to the U.S. in 1925, and a 
year later the American Bemberg Corporation began production of this type of rayon. 
Today rayon is made by the cuprammonium process in six countries, Czechoslovakia, 
Germany, Italy, Japan, the United Kingdom, and the U.S. 


Properties 


The properties of rayon depend on the chemical and physical structure of the rayon 
fibers. The chemical structure of rayon or regenerated cellulose is fairly well estab- 
lished. According to present-day information, cellulose is composed of long chains of 
the condensation products of -glucose (see Cellulose). The physical structure of rayon 
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is fairly complicated. It is believed that some of the long-chain cellulose molecules 
are held together hy lateral forees forming ordered regions often called crystallites or 
micelles. The disordered regions ave amorphous. Some of these molecules are aligned 
parallel to the fiber axis and some are ranclomly arranged. ‘The more the molecules are 
aligned in the direction of the fiber axis the higher the degree of orientation of the 
rayon filaments (see Fibers, Vol. 6, p. 464), . 

In dealing with the properties of rayon, it is necessary to emphasize that many 
of the physical properties such as refractive index, strength and elongation in the con- 
ditioned and wet state, and anisotropic swelling are dependent on the uniformity of the 
rayon, the particular method of measurement, and the method of manufacture. Even 
if the method of testing is carefully standardized, the method of manufacture of a par- 
ticular type of rayon will vary from company to company and sometimes within a 
certain company over a period of time. Thus, whenever possible, a range of values 
instead of a single value is given for most physical properties of a particular commer- 
cial rayon as is Ulustrated in Table I. 


PHYSICAL PROPERTIES 
Geometrical Properties. Commercial rayons can be manufactured in several 


physical forms such as filament yarn, tow, and staple, Filament yarn and tow ean be 
considered as infinite in length. But the length and length distribution of staple will 
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Fig. 1, Photomicrographs of cross sections of some types of rayons (>< 1000). 
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vary depending on the spinning system that will be used to convert it into spin rayon, 
Thus viscose staple for the cotton system is furnished in short lengths (usually up to 
244 in.), while for the worsted system, long staple lengths (sometimes as high as 5 in.) 
may be used, Cotton and wool vary in staple Jength, and so when rayon is to be 
bleuded with them the ravon producer simulates the length distribution or fiber clia- 
gram of the particular cotton or wool to be used. 

The size and shape of cross sections of rayon and the uniformity of these cross sec- 
tions determme the freness, shape, and uniformity of the filaments in the yarn. The 
size and shape of cross sections vary mainly with the manufacturing process and the 
composition of the spinning solution and bath. Thus, the cross sections of eupram- 
monium rayon filaments are mainly round, which indicates that the process of coagula- 
tion has heen slow and uniform. Ou the other hand, the cross sections of normal 
viscose rayon filaments are irregular or serrated which indicates the yarn has been 
rapidly coagulated. The cross sections of the commercial saponified acetate rayots 
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Fig. 2. Photomicrograph of cross section of regular dull viscose rayon (x 1000). 


vary [rom irregular to polygonal, which indicates these filaments usually have been 
stretch-spun Under great tension while in the plastic state (see Figure 1). 

The diameter or fineness of rayon filaments, which can best be seen from their 
cross sections, is expressed in denier units (.e, the weight in grams of 9000 meters of 
filaments). The finest filameut produced by the conventional viscose process is one 
denier and by the cuprammonium process is 0.45 denier. The finer the size of a fila- 
ment, the softer the rayou yarn feels to the touch, all other Iactors being the same 
(see Fibers, Vol. 6, pp. 454-56). 

The thickness of rayon staple filaments can be matched with the diameter of the 
natural fiber with which it is to be blended. Thus the filaments of rayon staple in- 
tended for admixture with cotton are much fmer than those designated for the same 
purpose with wool. Very roughly a 1-denier rayon staple would blend with spun 
silk, a 3-denier rayon staple with cotton, a 5.5-denier rayon staple with fine wool, an 
8-denier rayon staple with medium fine wool, and a 12-denier staple with coarse wool, 

Heterogeneities in the filaments, such as pigments, delustermg agents, gas bub- 
bles, and other substances, can be directly seen in thin cross sections. "hus dull white 
rayons contain specks of titanium dioxide or other suitable inert delusterants dispersed 
throughout their cross sections (see Figure 2). . 


526 RAYON 


Most varieties of viscose rayon filaments have a skin which differs in its properties 
from the core. The skin is denser than the core und so it is less permeable to dyes. 
Skin and core relationships are discussed in the section ou “high-tenacity rayon.” 
Cuprammonium rayon filaments have no such skin. 

Mechanical Properties (10). The mechanical properties of rayons can best be 
studied from their stress-strain curves (see p. 544). A rough description of a rayon 
ean be obtained from the coordinates at which the rayon yarn breaks, the tensile 
strength or tenacity und clongation-to-break. These depend upon the rate of loading, 
the temperature, and the moisture content of the yam. In the U.S. the standard con- 
ditions are 70°F. and 65% rh. The tenacity of rayous—the breaking strength per 
unit fineness—is generally expressed in grams per denier, g.p.d., and is proportional to 
the tensile strength or strength per unit cross section of rayons since the densities 
of rayons are fairly similar. The tenacity of commercial conditioned rayons is shown 
in Table I (1,10,14,23,24). 


TABLE I, Physical Properties of Commercial Rayons. 














Viseose 
~ ~~ Medium High Saponified 
Property Regular tenacity tenusity Cuprammonivm neutate 
Stress-strain behavior 
Tenacity, apd. 
Conditioned® 1.5-2.4 2.43.0 3.0-4.6 1.7-2,8 5.0-8.0 
Wet O.7-1.2 1.2-1.7  1.9-8.0 0.93-1.3 4.5-7.0 
[longation-to-broak, % 
Conditioned* 15-30 12-20 9-17 10-17 6-6.5 
Wet. 25-85 17-80 14-28 17-35 6-65 
Average stiffness, g.p.d, 11.1 16.6 25.8 15,5 116.6 
Average toughuess iudex, g.em./ 0.19 0.21 0.22 f). 14 0.21 
den, eni. 
Moisture regnin, %" at TOO. and 13-14 WB-l4 18.5-14.5 12.5 10.5 
G3Cp rb. 
Density 1.62 1.52 1.82 1.52 1.52 
Birefringence (from refractive in- 0.018 0,026 0.086 0.026 0.044 
dex measurements) 
Filament form 
Fineness, denier 1.7-86.3 (continuous) 0.45-1.66 0.67-0.75 
1.0-20.0 (staple) ‘ 
Shape of cross section Serrated or irregular Round to oval Polygonal to 
irregular 
With of cross seetion, micron 8.3-48 G.5-11.5 8.2 








© Conditioned at TO°R, and 65% rh. 
5 After drying in vacuum at 105°C, 
The tensile strength of conditioned rayons is affected by the number of filaments, 
the presence of dulling (delustering) agents, and the amount of moisture in the yarn, 
Textile yarns of high filament count are often weaker than yams of low filament count. 
Dull rayon yarus are weaker than bright yams. The higher the moisture content of the 
rayon yarn the weaker the yarn. Rayon yarns when wet lose 10-502 of their tensile 
strength because of the swelling action of water. High-tenacity viscose and stretched 
saponified cellulose acetate rayons have a higher wet strength than uormal viscose 
aud cuprammonium rayous. 
The elongation-to-break of rayons is expressed as a percentage of the original 
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length. Elongations of commercial conditioned rayons vary from 6 to 30°% (see 
Table 1). In general, the higher tenacity rayons have the lower elongation. The 
elongation of wet rayons is greater than conditioned rayons because of the swelling 
and plasticizing action of the water, 

Many other mechanical properties of rayon have been studied such as its stiffness 
(i.c. resistance to deformation), toughness (i.e. the amount of work required to rupture 
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Fig. 3. X-ray diagrams of some types of rayons. 


the rayon), and abrasion resistance, but the scope of this article. does not justify a 
complete digeussion of them (10,18,24). 

The mechanical properties of rayons are highly influenced by the degree of orien- 
tation and crystallinity of the regenerated cellulose structure. Differences in the de- 
gree of orientation and lateral order of rayons can be determined by means of K-ray 
diffraction patterns (see Figure 3). Thus stretched saponified acetate, whose diffrac- 
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tion pattern has clear layer lines and concentrated equatorial interferences in sharp 
spots, must be composed of very highly orientated crystallites which are responsible 
for ity high tenacity and low elongation. The X-ray patterns of «aprammonium and 
normal viscose rayons ave more diffuse than that of stretched saponified acetate rayon 
and the sharp spots are replaced by distinct ares of various sizes indicating less orien- 
tation. Thus, these ravous possess a lower strength, higher clongation, and a much 
lower wet. strength than either stretched saponified acetate vayou or high-tenacity 
rayon. 

Other Properties. Ruyons are hygroscopic and take up or give off water vapor 
until an equilibrium is reached. ‘The sorption and desorption equilibrium curves fail 
to superimpose since hysteresis takes place (10). A fairly complete study of sorption 
isotherms of various fibers including viseose and cuprammonium rayons at various 
temperatures has heen made by Wiegerink GO). The moisture regains for various 
types of rayons vary from 10.5 to 14.5% Gee Table 1). 

When rayons are placed in water they evolve heat and the filaments swell. The 
lateral swelling (increase in area of filaments) is much greater than the lougitudinal 
swelling (increase in length of filaments) under the same conditions. The lateral swell- 
ing of most commercial rayons varies from 40 to LO0% and the longitudinal swelling 
varies from 0.1 to 3.5%. 

Many of the optical properties of rayous vary with the degree of orientation 
of the long-chain moleeules along or parallel to the fiber axis. Thus on examining 
rayous in polarized light with crossed Nicols, the fibers appear in different colors ou a 
dark background. <A quantitative measurement of the degree of this anisotropy of 
rayon fibers cart be obtained by determining the difference in refractive indexes parallel 
with and perpendicular to the fiber axis. This is called birefringence and is highest 
for stretched saponified acetate rayon (see Table I). 


CHEMICAL PROPERTIES 


The chemical properties of the different types of rayon are given in Table II 
(1,10,14,18), All rayons are degraded by acids; oxidizing agents in neutral, acid, or 
alkaline mediums; heat; light; and the action of certain bacteria, fungi, and pro- 
tozoa, This degradation is evidenced by a reduction in average chain length and, 
if it is severe enough, by the deterioration of physical properties. Rayons, however, 
do resist organic solvents, accept and retain a number of different dyes, and do not 
iritate the skin. 


Manufacturing Processes 


Nitrocellulose Process, This was the process Chardonnet used to produce the 
first rayon on a commercial scale. The last remaining factory in the world producing 
“nitro” rayon—in Brazil—was destroyed by fire in 1949, 

Tn this process cellulose was converted by a mixture of nitric acid and sulfuric 
acid into cellulose nitrate (see Cellulose derivatives). The resulting fibrous product 
was dissolved in a mixture of ether and alcohol and spun into a yarn usually by the 
dry spiming process (see under Acetate”). Then, the yam was rewound, twisted, 
reeled into hank form and denitrated with alkaline hydrosulfites. The denitrated 
rayon was washed with water, then with hot very dilute hydrochloric acid, washed 
again, and bleached. After a final rinse, the yar was centrifuged and dried. 
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TABLE I. Chemica] and Microbiological Properties of Rayon. 














Agent Viscose, Cuprammonium, and stretched saponified neetate 
Chemical 
Acids Hydrolyzes and disintegrates in cold concentrated and hot dilute 
mineral acids and a very few organic acids 

Alkalies 

Strong ¢ Swells and loses strength 

Weak No effeet. cold; reduces strength slowly if hot 
Oxidation 

With oxygen in air Burns readily with little or no ash 

With oxidizing agents Degrades and forms oxycellulose with loss in strength 
Dry heat Degrades and Joses strength, decomposes but does not melt 
Organic solvents Generally insoluble 
Dyes Direct, vat, azole, naphthol, sulfur, and some basic 
Perspiration Degrades 
Hifect of sunlight Loses strength on prolonged exposure 

Viscose ‘Cupramunoninn Stretched saponified acetate 
liffect of age Slight yellowing Slight Slight 
Microbiological 
Microorganisnis Very susceptible Very susceptible Slightly susceptible 
Animal organisms Destroyed by some types (for ex- May be somewhat more 
ample termites) resistant to resistant 


maths and silver fish 





VISCOSE PROCIESS 


The viscose process is the cheapest and the most widely used process in the world 
for the manufacture of rayon (6,7,11,21,25). 

The preparation of the viscose solution proceeds by a series of steps. [n the first 
step, the alkali or soda cellulose is prepared by steeping (or mercerizing) cellulose with 
sodium hydroxide solution, pressing to remove the excess alkali, shredding, and aging 
to the desired viscosity. The alkali cellulose is then xanthated with carbon disulfide 
and the cellulose xanthate is dissolved in dilute sodium hydroxide solution. The 
viscose solution so produced is filtered, ripened, and deaerated under vacuum, 

Tn order to produce rayon filament yarn, staple, or tow, the viscose solution is 
forced by pressure through a spinneret containing very fine holes into a spinning bath 
usually composed of mineral acids and acid salts. ‘The fine streams of viscose solution 
are coagulated extremely rapidly and the cellulose xanthate is decomposed simul- 
taneously with regeneration of continuous filaments of cellulose. These wet filaments 
are drawn through the bath, stretched, and collected on a suitable take-up device. 
After spinning, the regenerated cellulose is subjected to a series of aftertreatments, 
including deacidifying, desulfuring, bleaching if desired, washing, lubrication by a 
suitable finish, drying, twisting, and winding into forms suitable to the customer 
(skeins, cones, etc.). 

Chemical Reactions. When cellulose is treated with concentrated caustic soda, 
some of the hydroxyl groups react to form alkali cellulose (sodium cellulose, soda 
cellulose) : 


RewOIT -+ NaQM ———> RenONa + HQ (1) 
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The equation for the formation of sodium cellulose xanthate (sodium cellulose dithio- 
carbonate) can be written: 


RetiONa -- CS. ———> R-wOCsSNa (2) 


In commercial xanthution, this reaction is between carbon disulfide and swollen cellu- 
lose, not dispersed cellulose, so that some of the hydroxyl groups are not available to 
react owing to hydrogen bonding. Usually the average degree of xanthate substitution 
is of the order of one xanthate group per two glucose units, and R,.. in these equations 
should be taken as indicating two glucose units. This xanthation reaction should be 
regarded as an equilibrium reaction pushed far to the right. 
Various secondary reactions may take place during xanthatiou, such as: 
ReenOCSSNa + 2 NaOH ———> Na,COOS + NaSH + R..20H (3) 
3 CS, + 6 NaOH ——> NaxCO; + 2 NaCS; + 3 1,0 (4) 


The sodium trithiocarbonate, NasCSs, is responsible for the orange color of the cellu- 
lose xanthate, pure xanthate itself being almost colorless. Other sulfur compounds, 
such as sulfides, are produced. (See Thio acids; Xanthic acid and axanthates.) 

During the ripening of viscose, numerous reactions may take place such as the 
hydrolysis of the sodium cellulose xanthate (reverse of equation (2)), and further 
interaction between the cellulose xanthate, sodium hydroxide, carbon disulfide, 
and compounds formed by the secondary reactions (see equations (3) and (4)). 

In the spinning bath regeneration of the cellulose takes place. 


2 RenOCSSNa + HeSO, ———> 2 RenwOCSSH + NaSO,y (5) 
RewOCSSH ———+ ReenOH + C&2 (6) 


Reaction (5) takes place almost instantaneously, but the velocity of reaction (6) is 
measurable. 
The by-products of the xanthation process are also decomposed in the spinning 
bath, 
Na.CS3 + H2S0, ———. NaSOg + ELS + CS, 


Nags + HeSO, — > NaasiOg + TLS 
Na2CO; + HaSO, ——_—> NaSQ. + CO, + HO 


Raw Materials, Cellulose, sodium hydroxide, water, and carbon disulfide are 
the main raw materials used in the manufacture of the viscose solution. The most 
. practical sources of cellulose are cotton and wood, although other cellulosic materials 
such ag flax, ramie, kapok, and bagasse could be used (29). Wood cellulose is pro- 
duced from gymnosperms such as Western hemlock, spruce, and pine, and angiosperms 
such as beech, birch, and maple, by either the sulfite or sulfate processes. (See Pulp.) 
These pulping processes along with other purification and bleaching treatments re- 
move from! the wood such impurities as lignin, pentosans, and color substances, so 
that only a highly purified, white cellulose of high alpha-cellulose content (87-95%) 
remams (12,19,27). Cotton cellulose is obtained by mechanical cleaning, digesting, 
bleaching, and washing of the second-cut linters and hull fibers. See Colton; Cotton- 
seed. These treatments remove impurities such as fats, waxes, pectic substances, 
proteins, color pigments, and inorganic salts from the cotton fibers (8,19). 
The caustic soda is usually supplied in the form of 50-70% liquor and must be 
relatively free from. metallic salts such as iron and manganese which, if present, can 
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affect the color, viscosity, and solubility of the xanthate and some properties of the 
final product. The carbou disulfide produced today is usually satisfactory and free 
from impurities. 

Steeping (or Mercerizing) of the Cellulose. ‘The cellulose, usually in the form of 
large rectangular sheets, is allowed to soak for about an hour in a solution of 17-20% 
sodium hycioxide at a temperature between 18 and 25°C. in a steeping press, The 
steeping time, however, does vary considerably from pulp to pulp. This treatment 
swells the cellulose to a considerable degree thus increasing its chemical reactivity 
and enabling hemicelluloses (15) and other impurities left in the pulp during manu- 
facture to be removed. Steeping time, temperature, and concentration of sodium 
hydroxide must be carefully controlled if optimum absorption and swelling, even dis- 
tribution of sodium hydroxide, and maximum removal of noncellulosic materials in the 
pulp are to be obtained. Other steeping variables such as the density of the pulp 
sheet, the rate of filling the steeping press, and activity of the pulp also must: be care- 
fully controlled. 

Pressing the Alkali Cellulose. The yellowish to brown caustic steep solution is 
run out of the tank. Then the sodium hydroxide absorbed by the pulp is squcezecl 
out by meaus of a hydraulic press until the wet weight of the alkali cellulose is in the 
range of 2.6 to 3.1 times the weight of the original pulp (this is called the press factor 
or the press weight ratio). The usual composition of the commercial alkali cellulose 
is between 15 and 16% by weight of sodium hydroxide aud between 30 and 36% by 
weight of cellulose. This step removes the excess caustic soda which forms useless 
by-products with the carbon disulfide and also eliminates a large portion of the 
alkali-soluble materials in the pulp. 

The recovery of alkali is an important factor in the economic operation of the vis- 
coxe process. The waste steep solution, containing the hemicellulose and other im- 
purities in the pulp, is dialyzed and, after being made up to strength by the addition of 
fresh allzali, is re-used. Modern dialyzers of the Cerini or other types, recover 90-95% 
of the sodium hydroxide. (See Dialysis.) Ultimately, when the waste steep solution . 
is so foul that it can no longer be used, it is disposed of to soap works (see Soaps). 

Shredding the Alkali Cellulose. The soft shects of alkali cellulose are placed in 
stationary or continuous shredders which contain revolving blades with serrated edges. 
These blades gently disintegrate the sheets (they do not grind or cut them) for one 
to two hours at a temperature between 18 and 30°C. into fmely divided, uniform, 
fluffy particles known as “white crumbs.”’ The shredding blends the alkali cellulose 
and increases the chemical reactivity of the cellulose by making available a large 
surface area. Jn other words, shredding puts the alkali cellulose in a suitable uniform 
physical form for aging and xanthation, Optimum shredding conditions are ob- 
tained when maximum fibrillation takes place with minimum agglomeration or grind- 
ing of the particles. 

Aging the Alkali Cellulose. The white crumbs are transferred from the shredder 
to covered steel containers in which they are stored for one to three days in a constant- 
temperature room at a temperature between 18 and 30°C. In recent years, the Oscar 
Kohorn and Co, Ltd, and others have introduced a “short-aging process” which re- 
duces the aging time to approximately two hours. In this, the aging of the allcali cellu- 
lose is carried out during the shredding process by careful control of temperature and 
other physical conditions. This saves a process and cuts down the time necessary to 
make viscose. By the Kohorn process it is claimed that the quality and filterability of 
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the final visvose are better than usual because of the reduced oxidation and degradation 
that take place during storage. 

During the aging, sorption of atmospheric oxygen oceurs and the average length 
of the long-chain cellulose molecules is reduced. This reduction In average chain 
length is necessary in order to prepare a viscose solution of the correct viscosity suit- 
able for spinning. ‘The most important factors affecting the exolhermic aging re- 
action are temperature, time, rate of diffusion of oxygen iuto the cellulose, the re- 
activity of the alkali cellulose, and the presence of metallic impurities such as iron and 
manganese. 

Xanthating (or Sulfiding) the Alkali Cellulose. When the white crumbs of allcali 
cellulose have aged to the proper degree, they are placed in large hexagonal or cylin- 
drical churns (barattes). The churn doors are closed, and a definite amount of carbon 
disulfide (30-40% based on the weight of dry cellulose) is slowly added to each slowly 
rotating churn. The reaction is permitted to continue for 14 to 3 hours under closely 
controlled temperature conditions usually somewhere between 20 and 30°C. As the 
reaction proceeds, the color of the alkali cellulose changes from white to yellow and 
finally to orange. At the completion of churning, the barrutes are exhausted hy 
“actu: to remove ill-smelling vapors, and the batch is discharged, This exothermic 
reaction converts alkali cellulose into cellulose xanthate. Th order to get a cellulose 
xanthate of good solubility (he main factors to control are the reactivity of the alkali 
cellulose, the temperature, the time aud the amount and uniform distribution of the 
carbon disulfide. 

Dissolving the Cellulose Xanthate-Dulling Agents. ‘Two or more batches of the 
cellulose xanthate crumbs are dropped through a chute into blending tanks that con- 
tain a dilute solution of sodium hydroxide, (It is always desirable to blend the ma- 
terials from which rayon will eventually be made, us inequalities are thus balanced 
out and there is a better chance that the rayon will be uniform in quality and charac- 
teristics), Stirrecl by rapidly revolving blades, the orange crumbs dissolve in two to 
six hours, the temperature being controlled in the range of 15-20°C. The resulting 
golden-brown, sticky, thick solution contains 6-8% cellwose in the form of a xanthate, 
and §.0-7.0¢¢ sodium hydroxide solution, and is known as viscose. 

This is the point in the process at which the desired degree of luster in the finished 
yarn is permanently fixed. If the characteristic high gloss or brilliance of viscose 
rayon is wanted, the blended solution is used without further treatment. On the other 
hand, ifa dull-appeari ing yarn is preferred, this is achieved by the addition of high- 
boiling mineral oils or by the acdition of special pigments (titanium dioxide, barium 
sulfate, ete.). For semidull yarns approximately 6-8% of oil frequently is used, aud 
for dull yarns about 0.5-1.5°% titanium clioxide, based on the weight of cellulose. 

Filtering the Viscose Solution. The viscose solution is transferred from the 
dissolving tanks to large retaining tanks in a constant-temperature room. It is then 
forced by air pressure through one or more plate-ancl-frame filter presses into other 
tanks. hese filter presses are ustially dressed with various combinations aud types 
of cotton fabric and cotton batting. Repeated filtrations remove dirt or foreign matter 
and incompletely dissolved cellulosic particles in the viscose solution. If these in- 
soluble particles were left in the viscose solution, the spinnerets would become 
blocked during spinning. 

Ripening (or Aging) and Deserating the Viscose Solution. ‘The viscose solution 
goes from the filter press to the ripening tanks where it is allowed to ripen for two to: 
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four days at a temperature usually between 15 and 30°C. Ripening of viscose may 
be considered to begin ai the time when the carhon disulfide is added to the alkali 
cellulose and continues until the viscose solution is spun. During this ripening stage, 
the degree of xanthate substitution of the cellulose decreases and the case of coapula- 
tion of the viscose solution increases. 

A number of degradation products of CS: such as sulfides, trithiocarbonates, 
sulfates, thiosulfates, and other complex sulfty compounds are also formed. ‘To 
determine whether the viscose is “ripe,” i.e., ready for spinning, various analyses are 
varvied out such as “salt index” (the concentration of sodium chloride of which one 
drop is sufficient to precipitate one drop of viscose under a given agitation and con- 
stant temperature), viscosity of the viscose, and determination of xanthate sulfur. 

Dearation is accomplished during the final stages of viscose ripening by storage 
under vacuum. Deueration removes from the viscose solution small air bubbles which 
would cnuse weak spots in the final varn or could cause breaks in the filaments in the 
subsequent spinning process. 

Spinning Bath. When a thin stream of the viscose solution is injected into the 
spinning bath, it coagulates and forms a fiber. The composition of the spinning bath 
is very important because it affects the structure and properties of the rayon filament 
yarn and staple (7,11). Today the Mtiller bath (39) has been replaced by the so- 
called Napper zine bath (41) which is used in many eountries of the world. Such a 
commercial spinning bath consists of water at 40-55°C. to which has been added 
6-138% sulfuric acid, 12-25% sodium sulfate, 0.5-5% zine sulfate, and sometimes 
2-10% glucose. In addition, many baths contain wetting and dispersing agents ina 
concentration of afew parts per million. 

The sulfuric acid in the spinning bath nentralizes the free sodium hydroxide in the 
viscose forming sodium sulfate, decomposes the remaining xanthate regenerating 
the cellulose, and decomposes the sulfur-containing impurities or by-products im the 
viscose solution liberating carhon disulfide, hydrogen sulfide, carbon dioxide, and free 
sulfur. Spinning viscose into dilute sulfuric acid alone, the so-called “acid-spinning 
process,’’ produces extremely dull and weak filaments. 

Salts, such as sodium sulfate and ammoniim sulfate, simply coagulate the sodium 
cellulose xanthate by their dehydrating and salting-out action. Heavy metal salts, 
such as zine sulfate, copper sulfate, and iron sulfate, react with the viscose to give 
corresponding relatively stable metal xanthates, many of which (copper and iron) are 
highly colored compounds. Heavy-metal salts have much greater coagulating power 
than sodium or ammonium salts, 

In the commercial acid-salt spinning process the ratio of acid and salts is adjusted 
so that while coagulation and regeneration occur simultaneously, they occur at such 
a rate that the cellulose xanthate is gelatiiized hefore the acid decomposes the xan- 
thate. Jn other words, the salts so modify the action of the acid that. satisfactory, 
lustrous filaments are produced. 

The special interest in zinc salts and the tension-stretch relationships durmg spin- 
ning to produce high-strength rayon are discussed in the next section under “High- 
tenacity rayon.’ 

Glucose is used in the spinning bath mainly to prevent crystallization of the valts 
since sharp salt crystals on guides and godet wheels may break filaments. Wetting 
ancl dispersion agents are used in the bath to prevent or reduce the formation of de- 
posits in the holes of the spinneret (44). 
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Spinning Machine. The principal components of any viscose spinning machine, 
apart from the frame and drive, are the spinning apparatus that produces the filaments, 
the collecting apparatus which assembles the filaments, and the aftertreatment equip- 
ment as found in continuous spinning, which purifies and processes the yarn. The 
spinning apparatus which forms the filaments is fundamentally the same on all ma- 
chines, Its most important parts are the spinning (metering) pump, the flat or candle 
filter, the viscose delivery tube or “goose neck,”’ and the spinneret or jet. 

The metering pump is one of the most important parts of the spinning apparatus. 
Its job is to deliver at a very constant rate an exact amount of the viscose solution to 
the spineret. Any variation in its rate would affect the denier or diameter of the 
resulting filaments. ‘There are two main types of metering pumps, the piston pump 
and the gear pump. The original piston pumps have heen replaced in most countries 
of the world today by the more reliable and more simply constructed gear pumps. 

The gear pump (see Vol. 6, p. 650) moves an exact amonnt of the viscose solution 
forward by means of two oppositely rotating gears. As the gears rotate, each tooth 
space fills with viscose as it passes the intake chamber, This viscose is confined by 
the center plate until it reaches the discharge chamber where the gears mesh andl force 
the exact amount of viscose out through the discharge chamber. 

The heart of the spinning machine is a small, thimble-shaped nozzle called a spin- 
neret or jet. In the spinning operation the viscose solution is extruded through very 
fine holes in the jet which is immersed in the spmning bath. These holes, which 
vary in size from 0,002 to 0.01 in. in-diameter, may also vary in shape, for example, 
round, oval, rectangular or cruciform. Spimerets are made with exacting skill 
and great care from precious metals such as tantalum, platinum-gold, or platinum- 
rhodium to resist corrosion. 

An individual filament is fashioned from each hole of a spinneret, and the total 
number of holes determines the number of filaments in a strand of yarn. In the case 
of continuous filament yarn, the size of the strand of yarn varies from about 50 to 
5,000 denier and the number of filaments or holes per spinneret varies from about 
10 to 1,000. In the production of staple fiber, the number of holes per spinneret is 
much greater, anywhere trom 3,000 to 15,000 holes. 

Filament Yarn. The three main types of spinning machines used in the manu- 
facture of rayon filament yarn are: ({) the pot (or box or centrifuge or bucket) spin- 
ning machine; (2) the bobbin (or spool or roller) spinning machine; and (3) the 
continuous spinning machine. These’ machines are classified according to the manner 
in which the filaments are collected or given their aftertreatments. 

Pot Spinning. The pot spinning process was invented by Topham in 1900 (84). 
In this process the yarn, as it leaves the coagulating bath, is carried up by means of 
guides and/or godet wheels and ‘dropped vertically through a glass funnel into a covered 
spinning pot. The yarn is then deposited by the rapidly rotating pot, and is uniformly 
distributed from the top to the bottom, of the pot by the motion of the funnel travers- 
ing up and down the depth of the pot. ‘The rate of feeding the yam into the pot and 
the centrifugal force (spindle speed) is regulated so that a constant amount of twist is 
imparted to the yarn. Once twist has been inserted, yarn is very much less likely 
to be damaged. Twist may be Z(clockwise) or S(counterclockwise). The walls of 
the pot are perforated to allow the spinning bath liquors to be removed by the cen- 
trifugal force. The yarn deposited on the walls of the pot forms a hollow cylinder 
which is called a “cake.” When the desired amount of yarn has been collected, the pot 
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is stopped and the cake is removed or “doffed.”’ The cake or varn is given a series of 
aftertreatments (see below), dried, and wound on cones or reeled into skeins or put 
in any form the customer desires. 

Bobbin Spinning. Jn the bobbin spinning process the yam is drawn vertically 
from the spinning bath by a revolving wheel and wound on a bobbin or spool without 
‘twist. ‘The yarn is then processed either on the bobbin, which is perforated to allow 
water to be forced through it, or in skein form, Finally, the yarn is dried, oiled, 
twisted, and wound on cones or put into any form the textile mill requests. 

Continuous Spinning. Some of the first continuous viscose spinning patents were 
assigned to Delubac in 1909 (40) and Boos in 1910 (42). The first commereially suc- 
cessful process was developed in the U.S. by the Industrial Rayon Corporation (17, 
45-47) about 1938. Simece then other-manufacturers such as Oscar IXohorn and Co. 
Ltd.; Lustrafil, Lid. (Nelson process); Kuljian Corporation; and the American Vis- 
cose Corporation (“Filamatic”’ process) have made and patented successful continuous 
systems. The process developed by the Industrial Rayon Corporation produces a 
high-quality yarn by eliminating much of the handling and by processing a single 
strand of yarn instead of a cake of yarn. This process also carries out all its operations 
from the viscose to the finished yarn in a very short time (one to six minutes) whereas 
the bobbin or pot methods require two or four days. 

In the continuous spinning process, the yarn after coagulation in the spinning 
bath is processed continuously as a single strand of yarn instead of being given after- 
treatments discontinuously in the form of a package such asa cake. In other-words, 
all the operations from spinning to the final drying of the yarn are carried out in a 
continuous sequence of operations, This is accomplished by a series of rotating thread- 
advancing devices, such as reels and rolls, which receive each strand of yarn and then 
advance it to other similar devices for further treatment. These devices are so de- 
signed that the yarn travels across their surfaces without even winding on itself or 
touching any other part of its own length. 

Staple Fibers and Tow. Pellerin’s patent (37) in 1909 conceived, on paper, the 
idea of manufacturing rayon fibers of equivalent length and diameter as those of 
natural fibers, so that they could be spun into yarns on the conventional cotton, 

. worsted, wool, spun silk, and linen spinning systems. Today this type of fiber is 
known as rayon staple fiber and the mechanically spun staple is known as a spun 
rayon yarn, This idea, which grew because of the shortage of natural fibers during 
World War I and in the 1920's, particularly in Central European countries such as 
Germany, really began to take hold in the early 1930's, 

The staple spinning machine ‘basically manufactures rayon staple fibers in the 
same way as rayon filament yarn, except it usually spins and aftertreats continuously. 
The first main difference in equipment is that larger spinnerets with many more 
holes are used, as already mentioned, and this necessitates the use of special metering 
pumps to handle the larger volume of viscose solution required. In modern staple © 
machines, filaments from several spinnerets on a single frame are drawn together, 
without twist, into a continuous loose rope known as a “tow.”? The tow of filaments 
is pulled from the spinning machine by a suttable device such as a wheel or roll and 
converted into staple fiber in several ways depending upon the cutting operation. 
The three most common ways of producing the rayon staple fibers are: (J) to im- 
mediately cut the wet tow after spinning or deacidifying and then carry out the re- 
maining operations on the cut fiber, or (2) to carry out the finishing operations on the 
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wet tow after which it is cut and dried, or (3) to completely process and dry the tow 
after which it is dry-cut. Method (/) is most generally used. After the staple fiber 
is dried, in say a tunnel dryer, a dry “opener” fluffs up the fibers and a baling machine 
packs it in bales. It is now ready to be shipped to the spimming mills where the staple 
need only be carded, gilled, and combed before spinning. 

Aftertreatments. The freshly spun yarn (in cake form, on perforated bobbins, or . 
in hank form) is first deacidified in water which often contains small amounts of alka- 
line reagents, such as sodium bicarbonate. This is followed by desulfuring treatment, 
such as with a dihite solution of sodium sulfide, which removes sulfur probably m 
both the free and combined form. When bleaching is required, it is carried out at 
this step in the process with solutions such as sodium hypochlorite and hydrogen per- 
oxide. The bleaching action of the yarn may be assisted by a dilute mineral acid. 
This action can be stopped when desired by an antichlor such as sodium sulfite. The 
yarn is then washed and given other treatments such as finishing, sizing, and tinting, 
after which it is dried. 


THE CUPRAMMONIUM PROCESS 


This process is based on Schweitzer’s discovery in 1857 that cellulose dissolves in 
cuprammonium hydroxide and on Thiele’s invention of the stretch-spinning process 
(38). Thiele’s process replaced the old method of coagulation in sodium hydroxide 
solution by a mild coagulation in water and a simultaneous stretching of the freshly 
formed filaments while they pass through the water (22,26). The cuprammonium 
process is not competitive with the viscose process on coarse filament rayon yarns 
because its production costs are higher. But the cuprammonium process docs manu- 
facture fine-size rayon filaments (fess than 1.7 denier per filament) more economically 
than the present viscose process. 

Raw Materials. Cellulose, copper sulfate (or copper carbonate), sodium hydrox- 
ide, ammonia, water, and a stabilizer such as sodium sulfite are the main raw materials 
used in the manufacture of the cuprammonium solution. . 

The main source of cellulose for this process originally was cotton linters, but to- 
day wood pulp is preferred. Usually the wood pulp and/or cotton linters are care- 
fully purified and bleached, and then are delivered to the rayou mill in sheet form or 
rolls. In some European countries and Japan, the rayon companies themselves 
often purify and bleach raw cotton linters and wood pulp of low alpha-cellulose content. 

Preparing the Basic Copper Material. The basic copper material is usually pre- 
pared by treating conceitrated solutions of copper sulfate with cold solutions of either 
aqueous ammonia or sodium hydroxide. In the presence of the correct amount of 
ammonium hydroxide, the basic copper material is a bluish-green precipitate of basic. 
copper sulfate, and with the sodium hydroxide it is a blue semigelatinous precipitate 
of cupric hydroxide mixed with a solution of ammonium sulfate or sodium sulfate, 
respectively. The resulting mixture is filtered by means of a filter press, washed 
with water until free of sodium sulfate, and pressed to remove excess water. 

Dissolving the Cellulose in Cuprammonium Solution—Dulling Agents. The 
copper hydroxide or basic copper sulfate and the purified disintegrated cellulose are 
placed ia mixer and the required amount of ammonia water (24-28%) at low tempera- 
tures (less than 20°C.) is added toit. After a definite time the cellulose is completely 
dissolved in the cuprammonium solution. The chemistry of this process is not well 
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understood (18). The resulting dark blue, viscous spinning solution is adjusted to a 
definite cellulose content (7~10% cellulose) by adding ammonia water. 

This is the point in the process at which the desired degree of Juster in the yarn 
is permanently fixed by the addition of delusterants such as titanitm dioxide. 

Filtering. The spinning solution is forced by air pressure through a series of 
plate-and-frame filter presses, using fine-mesh nickel screens as filter mediums to re- 
move impurities. 

Maturing (or Aging) and Deaerating. During the mixing and filtering steps, the 
viscosity of the spinning solution is reduced by atmospheric oxygen. This oxidation is 
carefully controlled and can be slowed up by the addition of stabilizers such as sodium 
sulfite. When the desired viscosity has been obtained, the air bubbles are removed 
under vacuum. If the air bubbles were not removed they would cause weak spots in 
the final yarn or could even cause breakage of the rayon filameuts during spinuing. 
Cellulose in the cuprammonium solution is relatively stable compared to cellulose 
xanthate ia the yodium hydroxide solution providmg oxygen is excluded. Cupram- 
monium-cellulose spinning solution, therefore, can be stored for weeks before spinning 
it. 

Stretch-Spinning. At the spinning machine the cuprammonium-cellulose solution 
is meter-pumped through candle filters to spinnerets with relatively large spinning 
holes (as Jarge as 0.01-0.03 in.). Each spinneret is fitted into the top of a glass 
eylinder which surrounds a long, tapered glass fuel, Air-[ree, slightly alkaline water 
from the spinning bath is admitted at the bottom of the cylinder and is allowed to 
flow upward and to descend through the funnel. In this descending water the fine 
streams of the spinning solution are coagulated into plastic filaments which simulta- 
neously are stretched. These filaments, having been drawn out to the correct fineness, 
are passed from the bottom of the funnel onto porrelain or glass guide plates which 
take them into another bath where they are coagulated completely into yarn usually 
by dilute sulfuric acid (approximately 5%). In this acid bath the remaining ammonia 
and copper sulfate is converted into ammonium sulfate and copper sulfate. The 
resulting light blue yarn is collected on reels in the form of skeits. 

The skeius of yarn ave removed from the reels and tied with colored lacing strings 
to indicate denier and type, and to prevent filaments from getting entangled in further 
processing operations. Then the yarn is thoroughly washed to remove copper sulfate, 
ammonium sulfate, and excess acid, softened with suitable lubricants and dried on 
wooden sticks in chain dryers. A second washing is carried out in a soap and oil emul- 
sion bath after which the yarn is dried again and conditioned under controlled relative 
humidity for afew days. Finally, the resulting white yarn may be tivisted into skeins 
or wound on bobbins or cones depending on the customer’s use. 

Continuous Spinning. The continuous spinning process for cuprammonium 
rayou was first patented in the U.S. by Fumess in 1934 (16,48). In 1944, American 
Bemberg was manufacturing rayon by a contmuous spinning process using a method 
which has been described in a recent patent by Hofmann (48). This process produces 
a better and more economical yarn than the older stretch-spinning process. , 

The continuous spinning machine is so arranged that the plastic fJaments as they 
come from the funnel are led through a “pretreatment pan’ containing hot sulfuric 
acid, through an acid trough to devopper the yarn further, and through a water trough 
to wash the acid out of the yarn. Then, the yarn is passed over the preparation 
roll where the desired lubricants or sizing compounds are added depending on the end 
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use of the finished yarn. Finally, the yarn is dried by passing it over large steam- 
heated cylinders, oiled by passing it over 4 roll, and wound onto flangeless spools. 

Staple Fiber. Cuprammonium rayon staple was introduced commercially into 
the United States in 1951 by American Bemberg. The cutting of the yarn is done as 
it emerges from a sulfuric acid bath for “cotton-type” cuprammonium rayon and from a 
water bath for “wool-type’ cuprammonium rayon (a type suitable for blending with 
wool). The cut yarn is washed in an excess of sulfuric acid, allowed to flow onto a 
perforated plate where the acid drains away, and then washed with water. Finally, 
the yarn is treated with a suitable finish, pressed to remove water, and dried. The 
resulting staple is opened and haled in the conventional manner. 


Economic Aspects 


World Production. The consistent and phenomenal growth of the rayon industry 
throughout the world since 1920 is illustrated in Table IIT (2,3,4,4a). The annual all- 


6000 
4000 


2000 


1000 
800 


600 


400 


200 


Population 


CONSUMPTION, millian pounds 


100 
80 


60 


40 


20 





10 
1920 1925 1930 1935 1940 1945 1950 
YEAR 
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time high was reached in 1951 when the total world production of rayon was 3,366,- 
000,600 Th. 
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TABLE UL. World Rayon Filament Yarn and Staple Production by Country. 
(In Millions of Pounds) 
ee eee 
Country _ 1920 1930 1940 _ 1950 1951 1052 capacity producers 
Europe 
Austria * 2 44 72 95 70 9g 2 
Belgium “ 1 13 48 bl 39 70 L 
Czechoslovakia ® 5 12 57 63 76 85 3 
Finland 0 0 1 7 19 20 28 2 
France 3 “LS 53 167 213 142 274 10 
Germany? 5 62 660 480 54G 552 660) 22 
Greece 0 e 1 4 4 5 8 1 
Hungary * 1 1 iL 2 2 2 1 
Italy 2 66 35+ 221 274 164 419 12 
Netherlands 1 18 20 72 sO 7 87 3 
Norway 0 0 1 30 31 26 31 2 
Poland 1 6 26 12 65 87 118 4 
Portugal 0 0 1 2 3 3 4 3 
Rumania 0 0 4 3 3 £ 10 2 
Spain 0 3 7 52 52 6g nd 5 
Sweden ® L 8 31 38 a 45 2 
Switzerland 1 10 12 38 +1 41 46 3 
Turkey o 0 1 1 i 1 2 1 
USSR. 0 { 33 75 90 120 145 9 
United Kingdom 6 34 133 205 208 218 379 & 
Total 19 265 1385 1708 1984. 1746 2598 96 
North America 
Canada 0 f 13 32 35 38 51 1 
Cuba 0 0 0 16 20 18 23 1 
Mexiro 0 0 0 7 10 13 15 2 
USA. 1a U7 328 81Gb 865 807 1037 14 
Total 10 12} B-4L 871 930 876 1126 18 
South America 
Argentina 0 Q 5 16 16 16 29 3 
Brazil 0 1 12 36 42 34 44 7 
Chile 0 0 0 6 7 7 13 2 
Cohumbia 0 0 1 d 4 4 12 2 
Peru 0 0 0 1 2 i 2 1 
Veneaucla 0 0 0 0 0 0 4 v 
Total 0 1 18 G3 ral GQ? 104 16 
Africa, Asia, and Australia 
Australia 0 0 0 0 0 9) 3 1 
China 0 0 0 0 0 0 0 V 
Egypt 0 o 0 7 10 ) 12 1 
India 0 0 0 * 5 8 i 3 
Tarnel ; — —_ 1 
Japan L 37 216 252 366 401 503 14 
Philippine Republic 0 0 0 o 0 0 0 v 
Total 1 a7 216 259 381 418 529 22 
World Totat 30 424 1960 2901 3366 3107 4357 152 





* Possibly some production, amount either unknown or unreported. 
* The figures for Germany are a combination of the Eastern and Western Zoues, 
¢ New plant in the planning or construction stage. 
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Rayon production began in Europe around 1890. When the U.S. entered the 
field in 1911, the output, mainly of the eight pioneering European countries, was 
approximately 18.7 million pounds. World production of rayon almost doubled 
during the next ten years, rising to 80 million pounds in 1920, Almost, one-third 
of thiy production was made in the U.S. The most amazing expansion of this industry 
took place during the next twenty yeurs, and by 1940 the world output of rayon had 
increased almost. sixty-five fold to 1,960,000,000 Ib. The major rayon producing coun- 
tries in 1940, in order of size, were Germany, Italy, U.S., Japan, and the United 
Kingdom. The production of rayon during World War IT declined tremendously in 
major European countries and Japan, but by 1951 most of them were on their way 
back to their prewar outputs. The US. is now the largest producer followed by Ger- 
nuny, Japan, United Kingdom, Italy, and France, respectively. 

The rapid growth of the rayon industry in the U.S. since 1920 compared to other 
major textile fibers is Ulustrated graphically in Figure 4. Today, rayon is secoud ouly 
to cotton in volume and importance in the textile field. Further growth is expected 
for rayon but at a much slower rate. Some of the major factors that will help the 
rayon industry to continue bo grow are new and improved rayons, population growth, 
and higher standard of living. 

Filament yam production usually has been greater than staple production, ex- 
cept in countries which cultivate little or no colton such as Germany. German fila- 
ment yarn output in 1942 was 172 million pounds while its staple production was 
689 million pounds. i the United States in 1951 approximately 76% of the rayon 
was in the filament yarn form and oulv 24% in the staple and tow forms. 

Producers. ‘The rayon producers in Canada and the U.S., together with the type 
of rayon and with some of their principal trade names, are shown in Table IV (4). 

The rayon producing plants in the U.S. are located in thirteen Eastern States. 


TABLE IV. Canada and U.S. Rayon Producers and Their Principal Trade Names. 





No. of Type of 











Producer plants yarn® Principal trade names 
American’ Bemberg | C Aristocrat, Bemberg, Natesa 
American Janka Corp. 2 H, ¥ Briglo, Englo, Knka, Perlglo, Tempra 
American Viscose Corp. 6 H, V, 8  Aviseo 
Beaunit Mills, Ine.’ [ H, V — 
Celanese Corporation of America | V,8 —_ 
Courtaulds (Alabama), Ine. ! S Fibro 
Courtaulds (Canada) Ltd, ! V, H,S Mattesco, Tenusco, Fibro 
Delaware Ravon Ca. | V,8 Delvagal, Delray, Delvisea 
F.7. du Pont de Nemours & Co. 3 H, V, 8S du Pont, Cordura 
Wastern Rayon Mills, Inc. 1 WW, V — 
Pair Haven Manufacturing Co, ] Vv Fair Haven 
Hartford Rayon Corp. I V,8 Hartford 
Industrial Rayon Corp. 3 H, V, 8 Dul-tone, Lektroset, Nupron, Premier, Spun- 
black, Spun-lo, Superwind, Tyron 
New Bedford Rayon Co, ! V,8 Newhbray, New-dull, Newlow 
North Americun Rayon Corp. I H,V Hi-narco, Narco, Super-narco, Xtra-dul 
Skenundow Rayon Corp. 1 Vi. Skenandua, Veri-dul 


_ V means regular- or intermediate-tenacity viseose rayon, H means high-tenucity viscose rayon, 
S meuns viscose staple or tow, and C means cuprammonium rayon, 

* Beaunit Mills, Ine. owns wholly or in main part American Bemberg, North American Rayon 
Corp., nud Skenandoa Rayon Corp. ‘ 
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The viscose rayon process is employed by [+ companies operating a total of 24 plants 
and cuprammonium rayon is produced by one company (American Bemberg) in one 
plant (4). The largest producer of viscose rayon is the American Viscose Corporation, 
followed by BE. T. du Pont de Nemouvs Co., and Industrial Rayon Corporation. 

U.S. Price History. The price of rayon Hlament yarn hus varied considerably 
since 1911. Rayon prices started to decline early in 1920 and reached an all-time low 
in the late 1930’s. This trend downward can be attributed to many factors such as 
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Fig. 5. Price history of U.S. viscose rayon. 


lower cost of raw materials, improved manufacturing techniques, increased productive 
output, and keener competition. Since World War II, rayon prices have increased 
some, but on the whole rayon prices during the past twenty years have been relatively 
stable in contrast to the day-to-day fluctuations of cotton and wool, In Figure 5 
the price of 150-denier viscose rayou filament yarn from 1911 and staple from 1928 
to 1951, is illustrated graphically, 


Uses 


Rayon is found in many different types of goods either alone or combined with 
other fibers and substances such as rubher and plastics. Today the uses of rayon are 
so extensive that it is impossible to enumerate them all, For example, rayon is found 
in all types of apparel such as dresses, undergarments, suits, shirts, linings, and bath- 
ing suits. Rayon is used in many household furnishings such as draperies, upholster- 
ies, lampshades, bed spreads, blankets, and carpets. High-tenacity rayon is con- 
sumed by industry in manufacturing all types of rubber tires, drive belts, and high- 
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pressure hoses. Numerous miscellaneous uses such as napkins, tea hags, and gift 
wrappings are being found everyday for this most popular and versatile fiber. 
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HIGH-TENACITY RAYON 


The high-tenacity rayon described here is rayon, manufactured by the viscose 
process, with a dry tenacity of 3 grams per denier and higher. Medium-tenacity rayon 
also made by the viscose process, has a strength range of 2.5-8 grams per denier. 
Production methods for both these tenacity ranges differ ouly in emphasis; the high- 
tenacity producer will be interested primarily in strength and res‘stauce to fatigue, 
while the medium-tenacity producer will be equally interested in dyeability and in 
strength. 

The foundations for today’s manufacturmg processes were started during the dec- 
ade 1920-1930 when research programs in the fiber-producing industry began to 
concentrate on improving the tenacity of rayon. Shortly before 1930, the stress- 
strain curves of an early high-tenacity rayon, made by Du Pont and ranging around 2 
g.p.d., attracted interest in using rayon for tire cords. Within the next few years, 
tenacity was increased to 2.25 g.p.d. Development work continued, and in 1983 Du 
Pont shipped from a semiworks plant the first commercial production of 2000 lb. of 
high-tenacity rayon for tire cord. During 1984, Du Pont started plant production of 
high-tenacity rayon yarn trademarked Cordura. By 1939, other fiber manufacturers 
entered the field andin March 1952 the list also included American Viscose Corp,, 
Industrial Rayon Corp., American Enka Corp., and North American Rayon Corp. 

Early production of high-tenacity rayon was mostly 275 denier/120 filament, 
(120 filaments made into a yarn, the yarn having a denier of 275). This yarn was about 
the same size as the count of cotton yarn used for tire cord at that time. As the con- 
struction of tire cord was simplified, an 1100/480 yarn was introduced by Du Pont in 
1939. Heavy denier yarns permit economies in tire cord production in that breakage 
is less frequent and. twisting operations are simpler (11), 1951 production showed 
the following yarn deniers and filament counts: 1100/480 and 490, 1150/490, 1650/720 
and 980, 2200/960 and 980, and 4400/2934. 


Physical and Chemical Properties 


When high-tenacity rayon is stained with various dyes, a cross section of the dyed 
fiber shows skin and core areas that are made easily visible hy preferential absorption 
of the dye in either skin or core depending on the dye used. Morehead and Sisson (10) 
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showed that skin thickness may be increased, resulting in improved tenacity, by the 
following methods: 


I. Changes in preparation of viscose: 
A. Increasing degree of polymerization of cellulose. 
B. Inereasing cellulose concentration. 
C, Increasing the concentration of carbon disulfide durmg xanthation, 
D. Deereasing the age of the viscose. 
Is. Increasing or decreasing the concentration of sodium hydroxide depending 
on the starting concentration. 
II. Changes in spinning bath composition: 
A, Decreasing concentration of acid. 
B. Increasing concentration of sodium sulfate. 
C. Increasing the concentration of zinc, iron, magnesium, or nickel ions. 
D. Lowering the temperature of the bath. 


Hermans (7) studied skin and core relationships in high-tenacity rayon by 
acetylating the outer layers of filaments to cellulose triacetate in an indifferent solvent 
and removing the acetylated skin in a chloroform-inethanol solution. He found that 
orientation decreasect and density increased toward the core of the fiber. 


High-tenacity 
rayon 
2200/3960 





LOAD, ‘g.p.d. 











Regular rayon 
150/40 








0 5 10 15 
ELONGATION, $% 


Fig. 1. Stress-strain curves of rayons. These data were obtained from tests 
performed on an Instron tester operated at a constant rate of extension of 60% / 
minute (6 in. per minute) at 70°F. and 65% rv.h 
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High-tenacity rayon derives its increased strength from a greuter orientation of 
crystallites parallel to the fiber axis than in regular-tenacily rayon. X-ray diffraction 
photographs confirm this higher degree of orientation (see page 527). Quantitative 
measurements of x-ray diffraction intensities indicate that the degree of crystallinity 
of rayons is about 40% regardless of degree of orientation (8). It has been suggested 
from a study of rates of acid hydrotysis that tire cord yarn may be less crystalline than 
regular-tenacity yarn (12). ; 

The high hot-strength of high-tenacity rayon as compared with cotton was one of 
the factors respousible for the rapid acceptance of rayon cord in heavy-duty truck 
and bus tires. It has also heen found that rayon cord tenacity increased from 25-30%, 
at 70°F. in going from 65% r.h. to dry condition. Because of this strength tuierease 
accompanying dehydration, rayon cord heated to 250°F. lost only 129% of its strength 
as compared to a 80-56% strength loss in cotton cords tuider the same conditions (3). 

Some physical and chemical properties of regulary and high-tenacity rayous are 
given in Table I. The upper tenacity range around 4.5 grams per denier, formerly 21 
experimental range, was achieved commercially i 1953 when du Pont introduced 
“Super Cordura” high-tenacity rayon with the yarn physical properties shown in 
Table IT. 





Properties Higl-tenacity rayon 








Tenacity, g.p.d. 


Conditioned" 3.0-4.5 1.5-2.4 

Wet 1.9-3.0 0.7-1.2 
Tenacity, loop 2.4-3.2 1.0-1.5 
Tenacity, knot 1.7-2.5 0.7-E.4 
Tlongation, % 

Conditioned® 9-17 15-30 

Wet 14-22 20-35 
Elastic recovery, % 80-100 from 2% stretch 30--74 from 4% stretch 
Tensile strength, p.s.i. 58, 000--00, 500 29, 000-46 , 000 
Specific gravity 1.5-1.53 1,5-1.52 
Moisture regain, %, at 70°F, and 65% rh, 12.5-14.5 12-15 





* Conditioned at 70°F, and 65% r-h, 


TABLE II. Physical Properties of “Super Cordura’’ High-Tenacity Yarn (1650 Denier). 





Tenacity 
Conditioned, g.p.d. 4,40 
Wet, gpd. 3.05 
Loop, g.p.d. 3.30 
Ratio, wet /conditioned tenacity 0.69 





Typical stress-strain curves for regular and bigh-tenacity rayons are shown in 
Figure 1. The outstanding difference is the very rapid elongation of repular-tenacity 
rayon with increasing load beyond the yield point compared to the much lower elonga- 
tion rate in high-tenacity rayon. . 

In a study of the degradation of tire cord yarn at high temperatures, Waller and 
others (14) found that in a closed system oxygen and water have a synergistic effect in 
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accelerating degradation. Oxycelluloses are formed and decompose to carbon dioxide. 
They also found that exposing the yarn to air aud water at 150°C. reduces the mois- 
ture regain capacity of the yarn. This is believed to result from “cutting of the chains 
in the amorphous or low-ordered regions, followed bya crystallization of the resulting 
fragments on contiguous surfaces.”! 

Resistance to fatigue rounds out the list of essential physical propertics for use in 
tire cord. Fatigue may be defined as the failure of a material under cyclic deforma- 
tions. According to Waller and Roseveare, high-tenacity rayon lies between very 
hard and ductile materials from the standpoint of fatigue (15). They believe that 
fatigue in tire cord is similar to that in rubbers and metals; namely, it involves crack 
growth, is associated with an internal fracturing of the filaments, and is not necessarily 
dependent on surface fibrillation. 


Manufacture 


Although the earliest high-tenacity viscose processes started with cotton linters to 
obtain a yarn with the best physical properties, the tendency to use wood pulp as a 
partial or complete replacement for cotton linters has grown. Improved purification 
of pulp, and pulps with increased alpha-cellulose content, have fostered this trend. 
Partial substitution for cotton linters by well-refined wood pulp high in alpha-cellulose 
content has been described (23,31). An all-wood-pulp viscose, with an optimum 
cellulose concentration in the viscose solution as low as 4.5%, is reported to give a 
high-tenavity yarn with good fatigue resistance (39). 

The amount of carbon disulfide used depends on the process and may range from 
26-45%, based on dry recoverable cellulose. Viscose concentrations ranging from 
6-8% cellulose and 6-9% alkali are generally used (29,31,32,33,40,41). All these 
factors as well as viscose viscosity and degree of ripening are variable factors that must 
be individually balanced against each other to yield a yarn with the desired strength, 
elongation, and fatigue resistance. 

In the filtration stage, the rigid requirements for high-tenacity yarn may necessi- 
tate a change of filter cloths two or three times more frequently than for regular- 
tenacity yarn, Parker (24) found that, the use of a material not corroded by viscose 
in the filter press and pipes leading to the spinning machine eliminated spinning inter- 
ruptions and allowed the use of higher spinning tensions. He suggested nickel, nickel 
alloys, glass, rubber, or other alkali-resistant materials. The use of noncorrodible 
material has generally spread tu include all viscose ripening equipment. 

A major departure from the regular-tenacity process occurs in the spinning bath 
where complete regeneration of the coagulated filament is delayed until the filament 
can be stretched 50-150%, the lower range being used to produce medium-tenacity 
yam. Stretching reduces the elongation of the fiber and raises fiber tenacity by 
orienting the crystallites along the fiber axis. The stretching process may be carried 
out by one of the following general methods: (/) applying increasing tension for 
long bath travel ranging from 150 to 300 in., or (2) using a two-bath arrangement that 
provides for most of the stretch in the second bath (19,21). Both methods are usually 
operated at temperatures above 40°C. to help keep the filament plastic during stretch- 
ing (26,30). The extent of stretch is controlled by tension on the freshly formed fila- 
ments. This spinning tension is kept close to the breaking tension of the filaments 
and is measured by a tensiometer, which measures the force required to deflect the 
yarn asa function of tension in the yarn. 
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In the single bath setup, long hath travel for the filament without sliding friction 
that would damage the fiber is made possible by a series of roller guides that permit. 
the development of uniform tension (22). Using the alternative two-hath arrangement 
the freshly formed filament travels 20-40 in. in the acid spinning bath where coagula- 
tion and regeneration take place, and 35-60 in. in the second bath, where most of the 
stretch is accomplished. The filament is stretched by passing it around a revolving 
wheel or godet that revolves at a higher speed than the first one. Depending on the 
conditions of the particular process used, further regeneration may take place in. the 
second bath during stretching; such regeneration can he effected by the heat of the 
hath, dilute acid in the bath, or a combination of both, 

The two-bath process is flexible. It may be operated with a zine coagulating 
bath and a hot acid stretching bath (27,28). Stretching may occur in two steps, 4 
preliminary stretch right after coagulation aid a final stretch in one or more regenerat- 
ing hot acid baths (83). A hot plasticizing bath containing water and wetting agents 
stable to alkali may be inserted between the coagulating and regenerating baths (32). 

Splitting the stretching operation into two steps is part of a process that uses a 
spinning bath containing up to 10% magnesium sulfate (86). A packaging step may 
be inserted between the two stretchings so that the second stretch takes place while 
rewinding from the moist, washed package (87). 

The advantage of adding a metal salt to the spinning bath was recognized as early 
as 1912 (17) when “superior products” and “economy in working” were claimed for 
baths containing zinc compounds. Later it was found that various metal iong not 
only facilitated stretching by delaying regeneration but also helped produce a tire 
cord yarn with better fatigue resistance. Moore (9) showed that zine ious react with 
cellulose xanthate to yield a zine cellulose xanthate which acts as an outer skin in the 
form of an elastic gel. The presence of this gel causes a decrease in the speed of re- 
generation. Morehead and Sisson (10) later postulated that in the spinning bath the 
acid that first penetrates the viscose neutralizes free sodium hydroxide only. This 
leaves the pH high enough for metal ions to react with xanthate to coagulate rather 
than regenerate cellulose in the skin. The coagulated membrane is believed to be 
capable of allowing sodium hydroxide to diffuse out of the coagulated fiber faster than 
sulfuric acid diffuses in; therefore, the pH of the skin is kept high enough to delay 
complete regeneration. 

Concentration of zine sulfate, the most frequently used source of zine ion, may 
vary from 0.5-10% in the spinning bath and is balancecl against the concentrations of 
sodium sulfate, sulfuric acid, and other bath additives. Concentrations of zinc 
sulfate as high as 5% cause the formation of deposits or ‘craters’ on spinnerets; 
these deposits partially plug spinneret holes and cause breaks in production and 
irregularities in filament diameters. Cation-active compounds such as alkyltriethyl- 
ammonium sulfates (25) have been proposed as additives to either the spinning bath 
or viscose to reduce cratering. Nickel sulfate used in conjunction with zinc sulfate 
is also claimed to eliminate craters (28). 

Illustrative of the many viscose and spinning bath additives that have been pro- 
posed to slow regeneration of the cellulose or to improve the proper ties of high-tenacity 
yarn are metallic ions such as those from manganous sulfate (85), chromic sulfate (34), 
nickel sulfate (23), and magnesium sulfate (87); ammoniacal zine and alkaline alu- 
minum solutions (29); long chain sulfonamides (34); borax (40); aliphatic amines 
(41), and quaternary ammonium compounds (25,42). Ammonium sulfate has been 
‘proposed as a coagulating agent in a zinc-free bath (33). | 
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The earliest process to produce rayon with tenacities of 3-5 g.p.d. was the Lilien 
feld process that used baths containing as much as 65% sulfuric acid (18). This pro- 
cess never attained general commercial acceptance, not only beeause of the hazards in- 
volved in using such acid concentrations, hut also because the yarn spun by it had too 
low elongations and was too brittle for tire cord use, 

Interest in the Lilienfeld process was revived in Europe shortly after World War 
Il. One yarn was produced in England with a dry tenacity of 5.6 g.p.d. and elonga- 
tion at break of 6.5%. This yarn was subsequently reported to he too low in fatigue 
resistance for tire use (13). A more recent patent (43) describes the production of 
rayon by the viscose process using a spinning bath with a sulfuric acid concentration be- 
tween 45 and 75% by weight, possibly containing added salts and yielding a yarn with 
a dry tenacity above 4.8 g.p.d, and an elongation at break above 8%. The degree of 
stretch in this process is from 200-250%,. 

After the yaru has been spun and stretched by any of the previous proceclures, it is 
collected by the usual bobbin or bucket method and washed free of contaminants such 
as acid and salts. The elimination of acid may be verified by one of the usual acid- 
base indicators, sprayed directly onto the package. Removal of sulfur compounds 
from the yarn is not necessary because dyeability is usually not important in high- 
tenacity rayou. It has been claimed (20) that the presence of sulfur compounds in the 
fiber actually helps make a better union between rubber and cord. 

The most widely used paekage for shipping high-tenacity yarn is a large spool 
known as a beam which holds about 120-180 ends, depending on the requirements of 
the yarn user. Fach beam weighs about 900-1000 Ib. 

The continuous process for regular-tenacity rayon, which uses the thread advanc- 
ing reel, has been adapted to high-tenacity rayon production by changing the gear 
ratio of two reels on the machine. According to one disclosure, filaments emerging 
from the spinning bath are stretched at least 20% between two reels operating at dif- 
ferent peripheral speeds, treated with warn water, stretched again between a second 
all third reel, also operating at different speeds, for a total stretch of at least 50%, 
and allowed to shrink no more than 5% on a tapered thread advancing reel. At the 
end of the shrinkage, the filaments are completely regenerated by the action of a dilute 
solution of sulfuric acid and sodium sulfate flowing over the filaments (39). 


Testing Methods 


Laboratory reproduction of actnal conditions of tire or belt operation has always 
been difficult and uncertain; therefore, satisfactory tests of yarn and cord performance 
are usually the subject of extensive debate (2,6). Dry-yarn tenacity in g.p.d. reflects 
only the strength of the yarn. Further correlation is needed to express the strength of 
the cord, since twisting the yarn to make the cord lowers tenacity. Loop streugth in 
g.p.d. ranges below yarn tenacity but lies much closer to cord tenacity. In the loop 
test, one strand of rayon is looped through a second loop made by another strand of 
yarn. The double ends of the two loops are clamped in the jaws of the tester with the 
loops about midway between the jaws. Using this test method, the effective denier 
is twice the nominal denier of the single strand and should be taken into account In 
calculations. 


~The knot test can be correlated with loop strength and is believed hy some pro- 
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ducers to be more sensitive to changes in yarn properties. This test is operated by 


tying a simple overhand knot in the specimen and iuserting each end into the jaws of 
the tester with the knot halfway between. 

The value of a cord in a tire is determined not. only by its breaking strength ane 
elongation at break but also by the shape of the stress-strain curve. The best ex- 
pression of the shape of this curve is elongation at average working load, which can be 
usecl as a measure of the growth of a cord in service. For this reason, a routine charac- 
terization test is used to measure cord elongation under a 10, 15, or 20 Ih. load, de- 
pending on yarn denier. 

Equipment for testing tenacity and elongation may be of the same type as that 
used for regular-tenacity rayon, but built for heavy duty use. Tests for fatigue re- 
sistance are the subject of widely divergent opinions. The best that can be said is 
that no one completely satisfactory test exists, although many different methods are . 
used (4,5,16). 


Production and Uses 


The following figures show the surprisingly rapid increase in U.S. production of 
high-tenacity rayon since 1936 (1): 


Voar... oo... ee eee eee 1936 1988 E940 1942 194f [046 1948 1950 F951 = 1952 
Production, million Ib... ... O.f 5.0 9.8 37.7 125.7 225.9 263.1 308.2 382.8 412.3 


This increase has been attributed to superior performance (1a), price stability, uni- 
formity of product, and the technological stimulus provided by sharply increased 
military demands that were carried over from World War II into heavy-duty civilian 
uses, 

The greatest poundage of high-tenacity rayon is consumed in the manufacture 
of tire cords; other applications are: as a yarn in the production of laminated and 
reinforced paper, clothes line, and rubber hose; in the production of fabrie for conveyor 
belts and power-transmission belting; and in the manufacture of cord for V-belts, 
couveyor belts, mbber hose, and power-transmission belting. 

Medium-tenacity rayon is used principally in nonindustrial fabrics, such as some 
types of apparel, draperies, and curtains, where strength slightly higher than that 
offered by regular-tenacity yarn is required. 


Bibliography 


(1) Base Book of Textile Statistics, Textile Organon, 1952, 
(1a) Bendigo, C. W., Tertile World, 94, No. 9, 109 (1944), 
(2) Berry, J. K,, 7. Peatile Inst., 40, 062 (1949), 
(3) Bradshaw, W. H., News Hd. Am, Chem, Soc., 18, 81-4 (1940), 
(4) Bradshaw, W. H., Venable, C.8., Budd, C. B., and Lairiek, LL. 1., AST. Bull., No. 136, 13, 17, 
19 (1945). 
(5) Budd, C. B., Vertile Research J., 21, 174 (1981). 
(6) Dillon, J. H., and Prettyman, I. B., J. Appl, Phys., 16, 159 (1945). 
(7) Hermans, P. HL, Textile Research I. ., 20, 553 (1950). 
(8) Hermans, P. H., and Weidinger, A., J. Polymer Sei,, 4,135 (1949). 
(9) Moore, 'C. L., Silk and Rayon, * 19, 71 (1985). 
(10) Morehead, I, F., and Sisson, W. A., Textile Research J., 15, 443 (1945). 
(11) Owen, W. W., India Rubber World, 114, 515 (1946), 
(12) Philipp, H. J., Nelson, M. L., ind Ziifle, H. M., Textile Research J, 17, 588 (1947). 
(13) Somers, J. A., Brit, Rayon & ‘Silk J., 28, No, 329, 71 (1951). 


550 RAYON AND ACETATE (ACETATE) 


C4) Waller, R. C., Bass, KX. C., and Roseveare, W. T., Znd. Eng. Chem., 40, 188 (1948). 

(15) Waller, R. C., and Roseveare, W. E., J. Appl. Phys., 17, 482 (1046). 

(16) Wilson, M. W., Textile Research J., 21, 47 (1951). 

(17) US, Pat. 1 045, 731 (Nov. 26, 1912), 8. 8. Napper (to Courtaulds). 

(18) U.S. Pat. Re. 18,170 (Aug. 25, 1931), L. Lilienfeld. Reissue of 1,683,199. 

(19) U.S. Pat. 1,901,007 (March 14, 1983), H. C. Stuhlmann (to I. G. Farhenind.). 

(20) U.S. Pat. 1,902,871 (Mareh 28, 1933), G. R. Lockhart (to Manville Jenckes). ° 

(21) U.S. Pat. 1,996,089 (April 9, 1985), A. Bernstein (to Zcllstofffabrik-Waldhof). 

(22) U.S. Pats. 2,083,251; -252 (June 8, 1987), W. H. Bradshaw and G. P, Hoff (to Du Pont). 

(23) U.S. Pat. 2,114,915 (April 19, 1938), T. P. Davis (to American Viscose). 

(24) US. Pati. 2,183,714 (Oct, 18, 1938), H. II. Parker (to Du Pont). 

(25) US. Pat. 2,179,195; -L96 (Nov. 7, 1939), J. J. Polak and J. G. Weeldenburg (to American Tinka). 

(26) U.S, Pat. 2,248,862 (July 8, 1941), J. EL. Givens (te Courtaulds). 

(27) US. Pat. 2,265,646 (Dee. 9, 19-41), G. M. Karns (to Du Pont). 

(28) U.S. Pat. 2,267,055 (Dee, 28, 1941), EE. A. Tippetts (to Du Pont). 

(29) U.S. Pat. 2,297,613 (Sept. 29, 1942), H, Tink and G. Plepp (to W. H. Duisherg), 

(30) U.S, Pat. 2,302,971 (Nov. 24, 1942), A, J. L, Moritz and J. J. Schilthuis (to American Enka). 

(31) U.S. Pat. 2,312, 152 (Feb. 23, 1943), I. P. Davis (to American Viscose), ; 

(32) U.S. Pat. 2,327,516 (Aug. 24, 1943), H. Fink and G. Plepp (to Alien Property Custodian). 

(33) U.S. Pat. 2,328,307 (Aug, 31, 1943), G.I. Thurmond and i, Brenner (to American Enka), 

(34) U.S, Pat. 2,335,592 (Nov. 30, 1943), J. W. Tilland W. D. Nicoll (to Du Pont). 

(35) U.S, Pats, 2,347,883; -88-4 (May 2, 1944), N. L. Cox (to Du Pont). 

(36) U.S. Pat. 2,369,190 (Feb. 13, 1945), G.I. Thurmond (to American Minka), 

(37) U.S. Pat. 2,369,191 (Feb, 13, 1945), G.I. Thurmond (to American Enka). 

(38) U.S. Pat. 2,427,993 (Sept, 23, 1947), I. M. McLellan (to Industrial Rayon). 

(39) U.S. Pat. 2,479,218 (Aug. 16, 1949), R. E. Dosne and F, R. Charles (to Canadian International 
Paper Co.). 

(40) U.S. Pat. 2,516,316 (July 25, 1950), W. A. Hare and FP. K. Signaiga (to Du Pout). 

(41) U.S. Pats. 2,535,044; -045 (Dec, 26, 1950), N. L. Cox (to Du Pont). 

(42) US. Pat. 2,536,014 (Dec, 26, 1950), N. L. Cox (to Du Pont). 

(43) Brit. Pat. 650,896 (May 11, 1948), Comptoir des Textiles Artificiels. 


P.M. Levin 


ACETATE 


In 1937, the Federal Trade Commission issued trade practice rules for the rayon 
industry and stated that the term rayon would cover both viscose and cellulose acetate. 
This was by many considered improper since viscose is a regenerated form of cellulose 
while cellulose acetate is an organic derivative of cellulose and is used as such. These 
tavo fibers are completely different with regard not only to composition but to proper- 
ties. To mention only a few of the properties, cellulose acctate is soluble in certain 
organic solvents whereas rayon is insoluble in common solvents. Cellulose acetate 
is thermoplastic, that is, formable by heat, whereas rayon is not. Cellulose acetate 
requires an entirely different class of dyes and is practically nonstainable by cottou 
dyes. The hand, drape, and soiling characteristics are completely different on fabrics 
made from. the two materials. These differences led to a wide misunderstanding by 
the ultimate consumer and made proper, informative labeling difficult. 

On December 11, 1951, the Federal Trade Commission revised its ruling so that 
regenerated cellulose and cellulose acetate fibers are no longer classified together (5). 
Cellulose acetate should, therefore, not be classified as rayon. The formal F.T.C. 
definition is as follows: ‘“Acetate—Man-made textile fibers and filaments composed 


of cellulose acetate, and yarns, threads, or textile fabric made of such fibers and fila- 
ments’ (5). 


RAYON AND ACETATE (ACETATE) 551 


Cellulose acetate as a chemical material was known as early as 1865. These 
early acetates were practically completely acetylated and were, therefore, not soluble 
in any sufficiently cheap, volatile, and abundant solvents to be attractive for com- 
mercial use. Miles (1903) and Von Bayer (1906) pointed the way to the develup- 
ment of a soluble acetate by removing some acetyl radicals by acid hydrolysis. It 
remained for Doctors Camille and Henri Dreyfus to realize the industrial importance 
of cellulose acetate and to develop a workable process for its manufacture. Cellulose 
acetate filaments were successfully spun in England shortly after the cessation of 
World War I, and this technique was transferred to the United States in 1924. The 
first successful acetate filaments in the U.S. were spun at Amcelle, Maryland, on 
Christmas Day of 1924 (1), Sec also Celluluse derivatives; Cellulose derivatives— 
plastics, 


% of increase over 1939 
317% Raw cotton 






177% Cotton yarn 


100% Wool 


¢ §8% Viscose rayon siaple 


51% Viscose rayon yarn 


$ 33% Acetate filament yarn 


. Acetate staple, 3% lower 
1939 1945 1950 1952 


Fig. 1. Relative price changes of various fibers since 1939. 


552 RAYON AND ACETATE (ACETATE) 


While the commercial significance of cellulose acetate fibers was immediately 
recognized, extensive development work was necessary in order to process yarns and 
weave fabrics, and particularly to dye these fabrics. The phenomenal growth of 
acetate in comparison with the growth of textile rayon can be seen from the adjoining 
figures from Textile Organou. The importance of the fiber was accentuated by the 
competition which immediately developed. Today there are four U.S. producers of 
acetate yarns and staple, namely, the Celanese Corporation of America, the American 
Viscose Company, the du Pont Company, and the Tennessee-Hastman Company. 


U.S, Textile Fiber Consumption. 
(In Pounds) 


~Man- -m ade 








Yeur Acetate Rayon? G& otton Wool Vibe arab Silk 

1925 {, 100,000 51,700, 000 3, 075, 000, 000 3-49, 900, 000 66 ,000 ,000 
1980 7,800,000 111,600,000 2,6f1,000,000 263,200,000 75,600,000 
1935 42,500,000 205,100,000 2,755,000,000 417,500,000 62,300,000 
1940 = 141,300,000 323,000,000 3,954,000, 000 407,900,000 5,000,000 35,800,000 
1945 208,900,000 364,200,000 4,511,000, 00d 6-45, 100, 000 51,000 ,000 500 , 000 
1950 485,900,000 511,900,000 +4,680,000,000 636,400,000 141,000,000 8,400,000 
1952 386,000,000 403,700, 000 A, 9, 000, 000 473,700,000 _ 200, 000,000 =—-6, 900,000 





a Excludes tire vord. 

* Other than acetate and rayon, 

Cellulose acetate is produced as filament yarns in a wide range of filament sizes 
and yarn sizes, in staple form for cotton-processing equipment, and in tow form. for 
use on the Pacific converter and for breaker-draft spinning. Acetate started as a 
high-priced fiber but within a relatively few years it, became competitive with rayou in 
price for similar items. These competitive prices have been the result of extensive 
improvement in processing and cheapening of the source materials such as cellulose, 
acetic acid, acetic anhydride, and acetone. The cost of cellulose acetate is thus geared 
largely to the developments in the chemical industry. A comparison of costs is de- 
picted graphically in Figure {. The price per pound in June 1958 was $0.71 for 150- 
denier yarn, $0.34 for bright staple, and $0.35 for dull staple. 


Properties 


Fiber Structure. Normal acetate tibers are characterized by a relatively low 
degree of orientation and low crystallinity. Stretched acetate fibers (Fortenese) 
exhibit high orientation; stretched saponified acetate fibers (Fortisan) exhibit high 
orientation and a high degree of crystallinity aswell. See p. 567. X-ray diffraction 
patterns of these three materials are shown in Figure 4, a-c. 

Appearance and Color. Acetate fibers and yarns are produced principally in two 
types, that is, bright and dull. The dull yarn contains |-2% of an added delusterant, 
for example, titanium dioxide, while the bright yarn is produced without delusterant 
The degree of ight absorption of both bright and dull acetate is constant over the 
visible range of the spectrum, except for slightly greater absorption near the ultra- 
violet portion. Light reflected from dull yarn is nearly all diffuse, whercas with bright 
yarn a significant amount of specular (mirror-like) reflection is noted, The ratio of 
specular to diffuse reflection decreases with increasing yarn twist as a result of surface 
distortion. 
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Acetate fibers and yarus may be produced with a high degree of whiteness, de- 
pending on the purity of the cellulose and the control of manufacturing procedures. 
This high degree of whiteness contributes to the ability to obtain clean, pure colors in 
a wide range of shades and clyeing depth. The degree of whiteness is not signifirantly 
altered by exposure to indoor climatic conditions over long periods of time. 

Acetate fibers and yarns are also produced in colored form by incorporation of 
colored pigments (inorganic or organic) in the spinning dope prior to spinning. These 
solution-dyed acetate fibers and yarns are characterized by an exceptionally high 
degree of color fastness to such agents and treatments as washing, dry cleaning, 
sunlight, perspiration, sea water, and crocking, and in most cases surpass the per- 
formance of the best vat dyeings obtainable. Perhaps most important is the com- 
plete absence of gas or fume fading, which is often experienced with acetate dyed in 
the conventional manner. This exceptional color fastness is achieved by proper 
selection of pigments which act as an integral part of the fiber and are therefore com- 
pletely retained during laundering and cleaning operations. 

Specific Gravity. The apparent specific gravity of a fiber is dependent to some 
extent on the liquid used as an immersant in tlié specific gravity determination, both 
due to fiber swelling, and to possible improper wetting of the total fiber surface. 
Fortess (8) studied the effeet of various immersants on the apparent specific gravity 
of acetate fibers and found values ranging from 1.306 using carbon tetrachloride to 
1.415 using enanthaldehyde (m-heptaldehyde). The value of 1.32 is most generally 
accepted since it corresponds to the specific gravity as determined in helium (10) as 
well as the value calculated for cellulose acetate of 38.5% acetyl content (14). 

Refractive Index. he refractive index of acetate parallel to the fiber axis, ¢, is 
1.478. The index perpendicular to the fiber axis, w, is 1.473. The birefringence 
of a normal acetate fiber is therefore -+-0.005. The amount of birefringence is in- 
creased by stretching the fiber, 

Absorption and Swelling Behavior. In common with all hygroscopic fibers, the 
absorption of moisture by acetate is governed hy the relative humidity to which the 
fiber is exposed, and will vary depending ou whether a given relative humidity is 
approached from. a lower or higher relative humidity. For example, acetate which 
is wet out and then brought to equilibrium moisture content at 70°F. and 65% rh. 
will display » moisture “regain” (moisture content) of 7.7% whereas bone-dry acetate 
brought to equilibrium moisture content at 70°F. and 65% r.h. will display a moisture 
regain of 5.5%. This effect is known as hysteresis and is noted over the entire range 
of relative humidities. Complete moisture regain isotherms for acetate have been 
published by Whitwell and co-workers (23). The standard (commercial) regain at 
70°F, and 65% r-h. is generally accepted as 6.5%, while the saturation regain at 70°L. 
and 100% r.h. is approximately 18%. 

Acetate absorbs less water than cellulose due to the replacement of a large num- 
her of the highly polar hydroxyl groups in cellulose with the less polar acetyl groups. 
Acetate occupies an intermediate position between the hydrophobic fibers (Orlou 
(acrylic fiber), nylon, Dacron (polyester fiber), etc.) and the hydrophilic fibers (cotton, 
rayon, wool, ete.). 

The absorption of water by fibers causes swelling, which is, with some notable 
exceptions, roughly proportional to the moisture regain. ‘There is wide disagreement. 
among investigators as to exact data ou degree of swelling of fibers; however, it is 
generally agreed that acetate fibers increase in the order of 1% in length and 10% in 
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diameter when completely swollen in water. This is approximately 25% of the swell- 
ing experienced with normal textile rayon, and 50% of that experienced with cotton. 
A useful compilation of the swelling behavior of various fibers is given in reference (17). 

Thermal Behavior. Acctate, being a thermoplastic fiber, exhibits changes in 
mechanical properties as a function of temperature. For example, an increasc in the 
temperature to which the fiber is exposed will permit deformation as a result of applied 
stress to occur more readily, and the deformation will be largely irreversible in nature. 
However, within the range of normal climatic temperatures, the mechanical properties 
will not be altered to a significant degree. 

Prolonged storage of acetate yarns at elevated temperatures will result in a de- 
crease in strength, the magnitude of which depends on the time and temperature of 
storage. Table I gives data on 100 denier acetate yarn aged at 212°F. and 248°F. 
up to 500 hours. Additional data have been reported showing that acetate yarn 
remains significantly unchanged in tenacity and elongation after stormg at 105°C. 
(221°F.) for 170 hours. There does not appear to be any justification for previously 
published statements indicating that acetate decomposes at 95-105°C, (19). Pre- 
viously published statements (20) indicating that acetate loses strength above 200- 
220°F, must be modified to include the time of exposure before they may be considered 
as definitive, 


TABLE I. Tenacity of 100 Denier Acetate Yarn (Lubricant Free) Versus Aging Time and 
Temperature." 





“Tenacity, £-Dd,, for: 











Storage time, hours Yarns stored at 212°F, ~ Yarns stored at 248°F, 
180 1.10 0.91 
330 1.06 0.71 
500 1,00 0.49 








a Tenacity of or igtnal yarn was as 1, 16 g.p.d. 


Acetate, in common with other thermoplastic fibers, will exhibit sticking, soften- 
ing, and even melting, during ironing, if sufficiently high temperatures are employed. 
Sticking and softening temperatures are often partially dependent on such factors as 
yarn diameter, fabric construction, and general fabric geometry and cannot be quoted 
precisely for any fiber. In addition, the sticking and softening temperature is not 
necessarily related to the fiber melting point. Acetate softens and sticks in the range 
375-400°F, and fuses at approximately 500°F. The apparent shining or glazing 
temperature is usually lower than the sticking temperature and is also influenced by 
moisture content, fabric construction, and color. When ironing acetate fabrics, it is 
usually recommended that the sole plate temperature of hand irons should not exceed 
250-275°R, 

Light Stability. An indication of the sunlight stability of acetate may be obtained 
by exposure in the carbon are Fade-Ometer or to sunlight under glass. Data from such 
tests are shown in Tables II and JII. The sunlight data were obtained by exposing 
lubricant-free samples of acetate yarns to sunlight under glass in Summit, New J ersey, 
to the equivalent radiant energy of 200 and 413 hours of August noon sunlight. Table 
IT shows the tenacity retention of color-pigmented acetate yarns, It is apparent that 


the inclusion of certain pigments significantly reduces the loss in tenacity due to ex- 
posure to radiant energy, 
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TABLE II. Per Cent of Initial Tenacity Retained After Sunlight Exposure.”, 





Pere ce ont tony 

















Yarn Ve alee Oriveter “He bei Ag ie 
Acetate 66.0 64,5 54,2 
Rayon 85.6 59.6 38.7 
Nylon 67.0 55.2 30.4 

Jotton 70.0 57.8 a1.3 
Orlon 94.7 $5.5 $2.4 


'" Tenacity measured at standard conditions, 





TABLE III. Effect of Colored Pigments on Per Cent of Initial Tenacity Retained after Fade-Ometer 
Exposure.* 





Per ¢ cnt tenar city retained after r exposure of: 








100 hr. in 200 hr. in 400 br. in 
Yarn sample _Fade~ Ometer Fade-Ometer F ade- -Ometer 

Typical bright acetate 89.0 73.0 — 
Typical dull acetate (TiOs) pigmented 86.0 TA.5 — 
Brown pigmented acetate 87.5 77.8 70.6 
Yellow pigmented acetate 95.8 77.6 66.6 
Green pigmeuted avetate 92.8 87.4 61.3 
Black pigmented acetate 100.0 45.0 


" Tenacitiy measured at standard conditions, 


| 
i 


93.4 








A study of the effect of light exposure on curtain fabrics made of acetate, cotton, 
linen, wool, rayon, und nylon is reported by Fletcher (6). Ray (20) has reported 
data showing the effect of outdoor exposure in Wilmington, Delaware, on the tenacity 
of acetate, cotton, textile rayon, silk, anc wool. 

Electrical Behavior. Acetate yarns are valuable for electrical insulation. For 
this use the lubricants and other finishing agents are removed by solvent extraction 
followed by washing with water. ‘Table IV contains data from a report of the British 
Cotton Industry Association (4) which lists the resistance in megohms of various fibers 
over a range of relative humidities from 45 to 95%. See also refs, 2,11. 

Acetate yarns readily develop static charges, and for some purposes it is desir- 
able to apply an antistatic finish to aid in textile procedure. 


TABLE IV. Specific Electrical Resistance of Various Fibers in the Commercial and Purified States. 





 Snectfie electrical resistance, mexohm-c em.?/am, 











Acetate Nyton . Cotton Rayon 
Water- 

R.h,, % Comm. Purified Comm, Purified . Comm. washed only Comm. Purified 
45 967 ,000 81,500,000 813,000 6,480,000 149 —_ 543 1,720 
50 662 , 000 21,600, 000 585 ,000 3,200,000 64 _ 235 680 
55 424,000 6,040,000 387 ,000 1,430,000 30 _ 95 266 
60 256,000 1,650,000 208 ,000 525,000 14 530 36 93 
63 150,000 448,000 104,000 193,000 6.0 150 13 34 
vi 74,000 . 126, 000 43,000 70, 000 2.4 a8 4.6 12 
75 28,900 © 33, 200 14,500 20,000 1,02 11.2 1.8 4.4 
80 7,200 9,000 4,000 6, 000 0.33 3.1 0.63 1.5 
85 1,610 2,460 853 1,290 0.106 Q.91 0.23 0.52 

» 90 160 370 120 180 0.024 0.28 0.06 . 0.18 


95 11 39 8.5 18.5 0.012 0.025 
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Electrolytic Corrosion. Textile materials used as electrical insulation may, in the 
presence of moisiure, exert corrosive action on the electrical conductor. This is 
thought to be due to the presence of potentially ionizable material, present either as 
impurities in the textile material or as a property of the hasic material itself which, 
under voltage stress and in the presence of moisture, forms a galvanic cell and corrodes 
the electrical conductor. The electrical resistance of a textile material under condi- 
tions of high relative humidity and voltage stress may be considered as a measure of 
the potential corrosivity of the material according to A.S.T.M. D1000-48T. The 
corrosion resistance of several |) in. electrical insulating tapes tested by a method simi- 
lar to that given by the A.S.T.M. at 96% rh., 122°F., and 300 v.d.c. with a 44 in. 
gap was as follows (in megohms): acetate film, 130,000; acetate cloth, 32,000; glass 
cloth, 670; cotton cloth, 360; flat paper stock, 7.3. 


MECTIANICAL PROPERTIES 


Most textile end products consist of fiber masses arrayed in some definite geo- 
metrical form as in yarus and woven or knitted fabries. "Phe mechanical performance 
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Fig, 2. Stress-strain curve for a typical acetate yarn 
(tested on an Instron tensile tester). 


characteristics of such textile products (that is, hand, drape, wrinkle resistance and 
recovery, strength, Hexibility, and durability) depend on complicated interactions of 
the inherent mechanical properties of the fiber material and a number of form factors 
which characterize the shape and geometry of both individual fibers and the general 
fiber array. Flowever, in a discussion dealing with a specific fiber, only the inherent 
mechanical properties of the material can be considered, since the geometrical factors 
will change with each particular end use in which the fiber is employed. The mechani- 
cal properties of fibers may be defined generally as the stress-strain and recovery 
behavior uncer conditions of tensile, torsional, bending, and shear loading. 

Acetate, m common with most other textile materials, displays visco-elastic rather 
than completely elastic, or Hookean, stress-strain behavior, Therefore, the stress- 
strain properties are time-dependent (that is, the shape of the stress-strain curve will 
vary with rate of loading or straining) and a portion of the deformation produced hy 
an applied stress may be irrecoverable. The degree of temperature and moisture to 
which the fiber is exposed will also alter the stress-strain relationship since both of these 
factors affect the viscous behavior of the material. Unless otherwise specified, the 
stress-strain data quoted below were obtained at 70°F, and 65% r.h., and apply to 
single fibers or low-twist. continuous filament yarns. 
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Tensile Properties. A stress-strain curve for commercial acetate varn uncer 
tensile loading conditions is given in Figure 2, The upper extremity of this curve 
defines the ultimate breaking stress or tenacity and elongation of acetate under stand- 
ard conditions (A.8.T.M, D258-48T). Data in Table V list the tenacity and elonga- 
tion at break of acetate under various atmospheric conditions. 


TABLE Y. Tenacity and Elongation of Continuous Filament Acetate Yarn Under Various Atmospheric 














Conditions. 
~ Pesteonditions Tenacity, gpa Elongation, 
21°C., 65% rh. (standard) L.2-L.4 23-30 
21°C., wet 0.7-0.8 30-40 
2! °C, 0% rl 1.4-L.6 16-20 
80°C. 1.2 23.5 
100°C. Lil 23.7 
120°C, 0.95 24.3 
150°C 0.75 27.4 











The ability of a material to resist deformation wader an applied tensile stress is 
measured by the modulus of clasticity (Young’s modulus). In visco-elastic materials 
the modulus is not constant since the stress-strain curve is uot linear, and accordingly 
the apparent modulus of a textile fiber is here defined as the ratio of stress to strain 
in the initial, linear portion of the stress-strain curve. The apparent modulus at low 
strain levels is directly related to many of the mechanical performance characteristics 
of textile end products. In Table VI is listed the apparent modulus of acetate in 
comparison with other textile fibers. 


TABLE VI. Apparent Modulus of Elasticity of Various Fibers Derived from Slope of Initial Portion of 
Siress-Strain Curve. 





“Apparent modulus, Bd. de 


Acetate 44 








Viscose rayou 74 
Silk 55 
Nylon 3h 
Dacron 130 





The ability of a fiber to absorb energy during straining is measured by the area 
under its stress-strain curve. This property is also known as toughness and work of 


TABLE VIL. Work of Rupture of of Acetate and Some Other Common Fibers. 





Work (toughness), 





Fibers gram-cni./(em.)(den,) Work factor® 
Acetate 0.25 0.70 
Cotton 0.11 0.47 
Nylon 0.86 0.61 
Rayon (viscose regular) 0.26 0.62 
Silk 0.82 0.63 
Wool 0.36 0.68 





* The ratio of ‘the measured work of rupture to the product of load at br enk and extension at br eak 
(tensile product). 


558 RAYON AND ACETATE (ACETATE) 


rupture. Table VII, due to Meredith (18), lists the work of rupture of acctate in 
comparison with other textile fibers. 

A fiber which is strained and then allowed to recover will give up a portion of 
the work absorbed during straining. The ratio of the work recovered to the total 
work absorbed (measured by the respective areas under the stress-strain and stress- 
recovery curves) is designated as resilience. Table VIII lists the per cent tensile 
resilience of acetate and other fibers as a fuuction of the strain imposed on the fiber. 


TABLE VII. Tensile Resilience of Various Fibers as a Function of Imposed Strain. 


Per cent resilience at: 























25% of breaking 50% of breakin 755% of breaking 95% of breaking 
Material elongation elongatian elongation elongation 
Acetate 19 10 8.5 7 
Viscose rayon 39 27 23 19 
Silk 36 25 20 17 
Nvlon 77 86 35 va 


Dacron 85 07 62 47 





The recovery of textile fibers from strains below rupture is governed by the viseo- 
elastic behavior. A fiber placed wuder stress will exhibit, both immediate elastic de- 
formation and delayed or creep deformation, the latter being time-depeudeut, and 
composed of both primary creep which is recoverable, and secondary creep which is 
irrecoverable. If the stress is now removed from the fiber, immediate elastic recovery 
will oceur, equal in magnitude to the immediate elastic deformation. In addition, 
the primary creep portion of the delayed. deformation wilt be recovered, if sufficient 
time is allowed for recovery. This is designated as delayed recovery. The secondary 
ereep portion of the deformation is designated as permanent set. Table IX, taken 
from Susich and Backer (21), gives data on the Lhree components of recovery of acetate 
as functions of applied stress and strain, while Table X, from the same source, com- 
pares the recovery properties of acetate with those of other textile fibers, 


TABLE IX. Tensile Recovery Properties of Acetate and Other Fibers. 





eee 


Elongation components in per cent of actual total clongation 














At 50% of At 50% of At the 
breaking tonacity” elongation gt break breaking point 

Material Ler. dy. ps. Lear dur. Do iar. ar. ps. 
Acetate filament yarn 74 26 0 26 32 42 I+ 16 70 
Acetate staple yarn 58 42 0 23 25 52 12 18 70 
Viscose (regular) filament 50 42 8 26 27 47 19 20 GL 
Viscose staple 28 32 40 24 40 46 16 22 62 
Nylon type 300 filament 29 67 4 27 67 6 18 5+ 28 
Silk filament 47 42 i 25 33 42 16 20 64 
Wool worsted yarn 64 Bt a 28 50 22 16 44 40 


“i.e, = immediate elastic recovery; dor, = delayed recovery; and ps. = permanent set. 











Bending. The bending properties of a fiber are, in general, dependent on the 
visco-elasti¢ behavior of the material. However, in most normal textile applications 
the radius of curvature of bending is relatively great and accordingly the imposed 
strains are of a low order of magnitude. Therefore, as a first approximation, it is 


RAYON AND ACETATE (ACETATE) 559 


TABLE X. Immediate Elastic Recovery, Delayed Recovery, and Permanent Set Components of 
Designated Total Strain. 





Elongation components in per cent of netnal total Per cent 








elongation strain 
a we - oat which 

. At 5% strain At 10% strain permancnt 

Mateorials ier. d.r. pa. i.e.r. dr. ps. set appears 
Acetate, multifilament 100/40/2.5* 54 35 Ii 27 32 41 2 
Acetate, staple 20/1 48 42 10 26 26 48 4 
Viscose (rayon regular), multifilament 100/40 37 32 31-22 24 54 2 
Viscose, staple 20/1 34 36 30 22 24 54 2 
Nylon type 300, multifilament 100/40/2.5 38 59 3 28 67 5 5 
Silk, multifilament 100/132 41 4] 18 25 33 42 2 
Wool, worsted yarn 28.4/1 56 44 0 40 48 12. 6 
Cotton 32 40 28 —_ — — 2 








* 100 denier, composed of 40 filaments, with 2.5 turns of twist per inch. 


possible to examine the bending properties by the classical methods applying to 
Hookean materials. The bending stiffness or flexural rigidity of a fiber is the product 
of the bending modulus aud the moment of inertia of the cross section. Thus, for 
fibers of round cross section and constant modulus, the flexural rigidity will vary 
directly with the square of the denier. Table XI gives data on the flexural rigidity 
of acetate fibers as a function of fiber denier. 


TABLE XI. Flexural Rigidity of Dry-Spun Acetate Fibers as a Function of Fiber Denier. 





Denier Flex. rigidity, g.-crn.? Denier Flex. rigidity, g.-em.? 
6O...... 0... eae 8.3 x 10-3 WO wee, 2.5 X 107! 
BO... eee eee 2.7 * 10-3 1 4.6 * 1075 
P20 8.9 * 107-4 ts 3.5 1075 
1s rr 7.4 x LO 





In order to obtain equal filament flexibility with various fibers (which is of special 
importance in considering hand and drape) it is necessary to employ different deniers 
for the various fibers due to differences in modulus and cross-sectional shape. Table 
XII (7) shows the filament deniers required in various fibers to give equal filament 
flexibility. 


TABLE XII. Filament Deniers Required to Give Equal Filament Flexibility. 








Tiber Filament denier 





Acetate 1:47 
Silk 0.97 
Viscose rayon 0.96 
Nylon 1,11 
Fortisan 0.638 
Glass 0.44 
Wool 0.97 








Torsion and Shear. There is a dearth of specific data concerning torsional and 
shear properties of acetate and other fibers. See reference (12) for a discussion of 
these topics. 
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CHEMICAL PROPERTIES 

Oxidation. Chlorine bleach if carried out m the cold, either in slightly acid or 
slightly basic conditions, with coucentrations uo greater than | gram of available chlo- 
rine per liter, will cause no deterioration of acetate yarns or fibers. It is interesting 
to note that acetate appears to he more susceptible to chlorine at a pH from 6,7 to 7. 
Chlorine concentrations higher than 1 gram per liter should be avoided as they will 
cause degradation. Mild peroxide bleaches can be used safely. 

Alkalies. In the usual textile operations, it is recommended that temperatures 
be kept no higher than 185°F. and that pH be below 9.5. This is done to prevent de- 
lustering and partial swponification. Strong alkalies cause noticeable saponification 
but the degree depends on such factors as temperature, time, and fiber surface. 

Acids. Acetate is unaffected by dilute solutions of weak acids but strong acids 
will canse deterioration. Nonvolatile organic acids such as sulfuric, if not washed out, 
will concentrate upou evaporation, and degradation by breakdown of chain molecules 
will take place. 

Solvents. Acctate is unaffected by the dry-cleaning solvents normally used. 
However, acetone and a number of other ketones will stiffen and even dissolve the fiber. 
A list of solvents and spotting agents and their effect on acetate is included in reference 
(15), p. S46. 

Dyeing. Sec Vol. 5, pp. 355-427, and Vol. 1, pp. 52-56. 


MISCELLANEOUS PROPERTIES 

Acetate is not subject to destructive attack by microorganisms. This has been 
demonstrated by Borlaug (3) who noted-that no degrading effects resulted from severe 
soil burial and laboratory inoculation procedures. Only a slight discoloration of the 
acetate was observed, Acetate is not deliberately attacked by either moths or carpet 
heetles. However, there have been a few instances noted where these larvae will 
cut through acetate to get at wool fibers or will damage acetate which has been con- 
taminated with foreign substances coutaining starches. If ingested by humans, 
acetate will remain undigested and has been found to cause no harmful reactions. 
No cases of toxic effects, skin irritations, or allergic reactions attributable to acetate 
fibers have been reported. 

See also Teatile testing. 


Manufacture 


In the manufacture of cellulose acetate yarns and fibers a relatively concentrated 
solution of the polymer is extruded through a small orifice. Since the solution is of 
high viscosity, it is necessary that it not exhibit serious thixotropy, and it must be 
free from small fibers-and dirt. Since the solution must contact many metals it must 
be noncorrosive. Since an enduring fiber is the end product, the cellulose acetate 
must be stable. These considerations affect not only the method of manufacture of 
the cellulose acetate but also the selection of the raw materials, . 


RAW MATERIALS 


While rayon and cellulose acetate are both prepared from purified cellulose, a 
lower alpha content (88-92%) may be utilized for rayon, whereas a higher alpha con- 
tent (94-999) must be usec! for cellulose acetate. This is due to the fact that in the 
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preparation of viscose the pulp is first subjected to mercerization which removes the 
hemicelluloses and polysaccharides such as mannans and xylans. Since the poly- 
saccharides may contribute to serious thixotropy, and oxycelluloses may form metallic 
salts which would cause orifice blockage, they must he removed in the purification of 
cellulose for acetate. From a chemical aspect, cotton cellulose is the purest form of 
uatural cellulose. Therefore, it should be most highly favored in the prepara- 
tion of cellulose acetate, Cotton is grown primarily for cotton textiles which 
utilize the long staple length produced by ginning. The shorter more chemi- 
cally reactive fibers are a by-product and are recovered as lint cut from the 
cottonseed. See Colton; Cottonseed. There are two serious objections to the use of 
cotton, (1) Economically, it has been found unsatisfactory for the cellulose acetate 
industry to depend upon the vagaries of the cotton industry as a source for a basic raw 
material. (2) The cutting process for recovery of lint introduces appreciable quanti- 
ties of cottonseed hulls which are not completely removed in purification, Currently, 
therefore, cotton has been largely replaced by cellulose from wood pulp (see Pulp). 

Almost any plant that grows contains sufficient cellulose to be utilized as a 
source of chemical cellulose. The fast-growing coniferous trees such as pine, hemlock, 
and spruce are currently the most used source of cellulose, due to the regularity of 
supply and the reasonable uniformity of price and quality, It is obvious that the cot- 
ton linters industry may expect to be completely outdone hy wood pulp develop- 
ments in spite of the fact that linters pulp is an intrinsically superior base material (13). 

The same considerations of purity, uniformity, and price stability apply to the 
other raw materials for the cellulose acetate process. Due to the growth and improve- 
ment of the chemical industry, however, it is relatively easy currently to get pure 
acetic acid, acetic anhydride, catalysts, and solvents. 


PREPARATION OF CRLLULOSE ACETATL 

To be techuically accurate, neither rayon nor cellulose acetate arc really cellulose, 
but are products of chain fission with lower molecular weight than the original cellulose. 
The units making up the polymer, however, have identical structure. Sce Vol. 3, 
p. 348. 

Each unit of structure CesHiOs with molecular weight of 162 has three avetylizable 
hydroxyl groups. Triacetate is not soluble in desirable solvents but the cellulose ace- 
tate of commerce has approximately 2.5 of the 3.0 hydroxyl groups combined with 
acetic acid which overcomes the solubility defect. Whether the free hydroxyl groups 
in commercial cellulose acetate are the primary or secondary hydroxyls and whether 
these free hydroxyl groups are evenly distributed along the glucopyrunose chain will 
affect the solubility of the acetate and the properties of the yarn prepared therefrom. 
In order to achieve as uniform a distribution as possible, the commercial technique is 
to acetylate completely during the dissolving step and then to hydrolyze the cellulose 
acetate back to the proper acetyl value while it is in solution. 

Only the methylene chloride and the acetic acid methods are used in the U.S. and 
England. These two methods differ mainly in the solvent used to dissolve the cellu- 
lose acetate during acetylation and hydrolysis to the 2.5 substituted acetates. Essen- 
tially both processes may be broken down into four main steps: (/) pretreatment, 
(2) acetylation, (3) hydrolysis, and (4) recovery of cellulose acetate and solvents. 

Pretreatment. [For practical reasons, it is necessary to dry chemical cellulose 
whether made from wood pulp or from cotton linters. In dehydrating, the cellulose 
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nes sare reduced to a nonsiwollen state and are thus rendered less chemically reactive 

r, at least, Jess uniformly chemically active. Preactivating with water as a swelling 
een is impractical siuce it would consume large amounts of expensive acetic an- 
hydride during the subsequent acetylation step. Relatively small amounts of acetic 
acid (35%, based ou the weight of the cellulose) have been found to be quite satisfactory 
for activation. Pretreatment, therefore, consists of mechanically agitating the cellu- 
lose, preferably containing about 5~7% water, with a suitable amount of acetic acid 
at room temperature from one to five hours, 

Acetylation. Again for practical considerations, it is desirable to use a minimum 
quautity of acetic anhydride, the minimum quantity of diluting acid or solvent 
(methylene chloride), and the minimum amount of time for carrying out the esteri- 
fication. Itis desirable, therefore, to have a heavy-duty stirrer or kneader, equipped 
with cooling to remove the exothermic heat of reaction (equal to the heat of hydrolysis 
of the acetic anhydride) and to employ a catalyst to promote the reaction. 
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Fig. 3. Changes in intrinsic viscosity of cellulose during acetylation (6). 


By-and-large, acetylation is carried, out in bateh form industrially, although the 
patent literature indicates that continuous operation is receiving some attention 
(26-29). The patent literature indicates also that batches larger than one ton each 
are mace, 

The quantity of 100% acetic anhydride taken is usually 5-10% in excess of that 
required to react with the cellulose and the water added therewith. The amount of 
acetic acid chosen ptus that formed by the hydrolysis of the excess anhydride usually 
gives about a 16-25% final concentration of cellulose acetate. Bee Acetic acid; 
slcetic anhydride, The best catalyst for acetylation of cellulose would appear to be 
perchloric acid. The cheaper sulfuric acid is, however, widely used. Perchloric acid 
may be used in relatively small quantities (25), while sulfuric acid is used as high as 
15% based on the weight of the cellulose. 

Tn the acetic acid process, the anhydride and the acid are mixed and chilled so 
that the acetic acid freezes to give a slurry in the anhydride. In large charges, acety- 
lated in a short-time cycle, this is advantageous since the heat of fusion of the glacial 
acid acts:as an ubiquitous coolant prompting better control of a highly exothermic 
reaction. 

The cellulose is first chat ged into the reactor and the prec doled ac etylation mix- 
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ture of acetic acid and anhydride is added. The sulfuric acid catalyst is added simul- 
taneously with the reaction mixture with constant stirring or kneading to prevent 
loealized reactions, 

Several competing reactions occur during acetylation. A tabulation of these is 
given by Malm and Fordyce (16). The formation of sulfoacetic weid, HO;SCH.COOH, 
has been postulated, but its presence may be hard to prove since the rearrangement of 
acetylsultiric acid, CH;COOS8O,H, to sulfoacetic acid progresses very slowly, if at all, 
at the usual temperatures of acetylation, Somewhat oversimplifying, itamay be said 
that there are two main reactions occurring: (/) the reaction of the hydroxyl groups 
of the cellulose with the acetylating material resulting in cellulose acetate and acetic 
acid, and (2) the fission or splitting of the cellulose chain, a reaction which leads tu 
lowering of the intrinsic viscosity. Catalyst, time, and temperature promote both 
reactions. The goal is, of course, to complete the acetylation with the desired vis- 
cosity. The course of these two competing reactions may be expressed graphically 
(see Fig. 3). Since chain fission (reaction 2) is accelerated by temperature, particu- 
larly in the presence of relatively large amounts of catalyst, tenperature control is 
important. By-and-large, temperatures in excess of 45°C. are avoided. 

Acetylation is considered complete when all fibers have gone into solution. A 
celhilose acetate isolated from solution at this point is not a fully acetylated cellulose, 
which would have a combined acetic acid equal io 62.5%. When sulfuric acid has 
been used. as 2 catalyst, there are combined sulfates present, giving rise to the supposi- 
tion that it is directly combined, either with the cellulose or the acetic acid—-a contro- 
versial point. Nonetheless, in the hydrolysis step conditions must be adjusted so 
that combined sulfates as well as unwanted acetyl groups are removed. 

Hydrolysis. The conditions for removal of the sulfates are not usually the same 
as for aectyl hydrolysis; therefore, in some processes a two-stage hydrolysis is carried 
out. Usually, sulfates can be removed by hydrolysis in relatively strong sulfurie 
acid, and acetyl! groups are removed without damaye to the cellulose molecules by 
sulfuric acid of higher water content. Increasing the teniperature promotes both 
forms of hydrelysis; hence, the higher the temperature the lower the catalyst level 
necessary. In industrial practice the temperature used may exceed 100°C. and the 
time required for hydrolysis is about 1-8 hours, depending on the temperature. 

Recovery. Using the acetie acid method, the cellulose acetate may be recovered 
by simple addition of water to cause precipitation. Usually the precipitation is 
carried out using dilute acetic acid accumulated from the washing process. The con- 
centration of the acid drained from the cellulose acetate flake is usually chosen so 
as to be suitable for acetic acid vecovery. Acetic acid recovery is priucipally by a 
modified Suida, solvent-extraction process. (See Vol. 1, p. 62.) 

In both the acetie acid and the methylene chloride methods of manufacture, it is 
necessary to convert recovered acetic acid to acetic anhydride. Catalytic pyrolysis 
gives good yields at: low cost and has entirely superseded the old textbook method using 
sodium acetate and acetyl chloride. Since ketene (¢.v.) is an intermediate in the pyrol- 
ysis of acetic avid (24), the operation is a potential source of chemicals for synthesis. 

The precipitated cellulose acetate is washed with water until neutral and dried to 
the desired moisture content, When the methylene chloride acetylation process is 
employed, this solvent is removed by distillation during the hydrolysis process, and the 
cellulose acetate recovered by a water dilution precipitation. One advantage of the 
methylene chloride process is claimed to be hetter temperature control by regulating 
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pressure during acetylation; therefore larger batches (6 tons uf cellulose acctate) may 
he processed. 

If the hydrolysis has been carried out properly, a cellulose acetate which is 
stable to heat and uncatalyzed hydrolysis is obtained. This stability is essential for 
a polyester suitable for plastics and a textile fiber. 


SPINNING OR FIBER FORMATION 

Fully acetylated cellulose (62.5% combined acetic acid) is soluble only in nonpolar 
solvents such as methylene chloride. The partially hydrolyzed acctate such as the 
commercial acetate of 53.0-55.5°% combined acetic acid is soluble in aqueous acetone. 
This was a happy coincidence since acetone was destined to become an abundant and 
relatively cheap material and is, therefore, universally used im what is called the “dry 
spinning” of cellulose avetate. 

The composition of the solution used in spinning or extrusion of the fiber is again 
dictated by commercial expediency. It is desirable to use as concentrated a solution 
as possible, with as low a viscosity as is achievable that is consistent with fiber proper- 
ties. This is obvious from an understanding of some of the more important relevant 
considerations. Whereas the minimum viscosity point for acetone-water mixtures 
is about 90% acetone - 10% water, the best fiber properties, for a given set of fiber- 
forming conditions, results from the lower water content solutions. Better fiber 
properties are obtained at the higher cellulose acetate concentration in the solveut. 
Since the viscosity is a logarithmic function of the concentration, too high concentra- 
tions would result in immobile solutions. Whereas fiber strength is proportional to the 
molecular length or degree of polymerization, excessively high degrees of polymeriza- 
tion would again result in nonfluid solutions or necessitate lower concentrations which 
would offset the effects of high molecular weight. Wood pulp cellulose is preferred 
to cotton linter cellulose for ceonomic reasons. Cellulose acetates from wood pulp 
cellulose available today give higher viscosities at equivalent concentrations than do 
similar cellulose acetates made from cotton linters. This is probably due to the pres- 
ence of certain polysaccharides in the pulp and is a problem for the suppliers of wood 
pulp to cope with. ; 

The patent literature nidivates that commercial spinning solutions are a com- 
promise, since about 25% concentration of cellulose acetate in 95-98% acetone with 
5-2% water is used, Since high-viscosity solutions are again being dealt with, heavy- 
duty mixers or tumbling dissolvers are employed. Also, since acetone presents a 
fire hazard at relatively low concentrations in air (2.5%), the operations, up to the point 
of extrusion, are continuous and enclosed. 

Dissolving requires control aiid adjustment of the cellulose acetate concentration 
and acetone-water ratio, the former for control of denier and the latter for physical 
properties of the yarn. Fine control of the viscosity of the solution is unimportant 
mechanically since these solutions are handled by positive displacement pumps where- 
by control of volume is assured, 

There is an interesting sidelight on the relationship of the apparent viscosity of 
concentrated cellulose acetate solutions to the cellulose used. At a given coucentra- 
tion for cellulose acetates of identical intrinsic viscosities, the cellulose acetate made 
from wood pulp has a higher apparent viscosity than the cellulose acetate made from 
cotton linters. It has heen found that this is a thixotropic effect, probably due to the 
presence of polysaccharides in the original pulp, However, under a shear stress of 
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greater than 3000 dynes per square centimeter (which is the shear in pumping or filtra- 
tion) the two solutions have identical viscosities and hehave identically in plant. opera- 
tious. 

Successful extrusion of filaments requires that the solution he passed through 
fine holes. Therefore, cleanliness of the solution is a prerequisite. This necessitates 
multiple filtration (a lengthy series of operations) that is utilized advantageously to 
hiend out slight variations in acetate composition. 

The principle of spinning is simple in conception but,the precision of the operation 
reflects the ingenuity of engineering. In outline, a well-filtered, uniform, preheated 
solution. is delivered to the spimeret at constant volume. Accurate spinning pumps 
are required for each thread spun if accurate, uniform, and duplicable threads are to 
be formed. The orifice plate or jet must contain the proper muniber of holes, all of the 
same size and shape with close tolerances. Fine filaments require holes with diameters 
as fine as 25 microns. 

The heated dope is extruded into a column of warm air. The drying pipe or cab- 
inet may be as high as 25 ft. in some instances. Alternative methods of drying using 
cocurrent or countercurrent (or both) flow of warm air are used. The principal 
characteristics of the spun filaments are dependent upon the rate of drying, so again a 
precise means of controlling air volumes, temperatures, and crosscurrents is necessary. 
The denier or size of the filament, as well as the drawdown or stretch of the yarn, is 
controlled by the rate of extrusion and the rate of take-up of the yarn at the bottom 
of the machine. The feeding pump speed and the measuring take-up roll at the bottom 
of the machine must be closely controlled and coordinated. 

The use to which the fiber is to be put determines the lubricant. which is applied 
during spinning and the type of package upon which the yarn is taken up. The lubri- 
cant is applied by any convenient contact method. The lubricant itself may consist 
of a wide variety of oils and waxes to control friction, and additives to control static, 
to give ease of size absorption for warp yaru, or to control fiber separation and breakage 
when rmnning over guides in subsequent operations. 


PACKAGING 


The packages usually employed are horizontal tubes which are driven by the 
measuring or take-up roll of the machine, or vertical bobbins which are driven inde- 
pendently of the take-up roll. Yarn in a tube package will contain no twist, but the 
spinning bobbin will insert twist into the yarn. 

The spun yarn must have a minimum of acetone and a uniform moisture content. 
The control and the drying conditions dictate the quantities of both left in the yarn. 
Since the moisture content will vary in accordance with the temperature and the 
humidity of the surrounding air in spinning and in subsequent textile operations, air 
conditioning is usually employed up to the point of the shipping of the yarn. 

For commercial utilization of continuous filament yarns, packages may be de- 
livered from the spinning plant as produced on the spinning machine. In order 
to meet the widely varying demands of the textile industry, it is frequently neces- 
sary to carry out part of the textile operations for some users. These textile operations 
consist of putting the proper amount of twist into the yarn and putting it on a package 
suitable for the next textile operation, The textile industry is exceedingly complex, 
and many different types of packages of yarn with various twists are necessary. The 
packages of continuous filament yarns currently supplied ate conventional cakes (or 
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cheeses), cones, warp section beams, ball warps of high-denier tow, and high total- 
denier tow in cartons. 

The price to the consumer will of course depend on the amount of work. that the 
yarn manuacturer has to do on the fiber. Since these costs are fairly well standard- 
ized throughout the textile industry, it is really relatively unimportant where the work 
isdone. In order to supply fibers to the cotton, wool, or worsted industries, the fibers 
are cut to the staple length which the particular industry requires, This is readily 
accomplished in the cellulose acetate spinning plant. by collecting all of the threads 
along the front of the machine and delivering them intowform at the end of the machine 
where the tow may be crimped, cut, and baled. Tn addition, tow may be packaged in 
ball warp form for the Pacific converter process or on small packages for use on breaker- 
draft equipment. An alternate package of tow for the Pacific converter aud kindred 
processing is a case or carton wherein the tow is folded in an orderly fashion. There 
is a package for every end use to which cellulose acetate yarn, fiber, or tow can be put. 
The spiming machine is thus a remarkably versatile machine for one requirmg such 
precision of operation. 

Another example of the flexibility of the cellulose acetate spimning operation ts 
that various pigments, dyes, and modifying materials may be anded. These materials 
can be added when the cellwose acetate is dissolved im acetone, or they may be incor- 
porated into the acetone solution at any point in the process in front of the sphming 
nozzles. The amount of pigment used depends, to a large extent, on the uses to which 
the fibers are to be put. All of the items, packages, deniers, ete. already described 
can be obtained not only in the natural luster of the cellulose acetate fiber but. modified 
with inert materials to give yarus which are dead white, jet black, and of a wide range of 
colors. While the black and white, as well as the natural yams, have heen produced 
for many vears, the solution-cdved (i.e. pigmented) acetate yarns are a relatively recent, 
commercial development. 

See also Fertile chemical specialties: Textile technology. 


Uses 


Acetate filament as well as staple acetate is used in practically all types of wearing 
apparel. These include dresses, blouses, lingerie, bathing suits, linings, ribhons, 
neckties, sport shirts, womet’s and men’s sits, hat bands, pajamas, dressing gowns, 
and batting interlining. In the household textile field, acetate is used extensively 
in such items as glass curtains, drapes, rugs, lampshades, upholstery, aid slip covers. 

An important industrial use for acetate is in electrical insulation. See Dielectrics. 

Relatively small quantities of plasticized acetate staple fiber are being produced. 
This fiber permits fusion at a low temperature and is used extensively for honding of 
feltlike materials ranging from thin textures to soft porous felts. 


Stretched Saponified Acetate Yarn 


Cellulose acetate, in contrast to rayon, is thermoplastic. When cellulose acetate 
fibers are plasticized by moist steam, they can be given a high degree of stretching, 
5 to 10 times, leading to a fiber (Fortenese) which has a high degree of orientation. 
This fiber is not manufactuved commercially. . 

On completely saponifying the stretched acetate fibers, leading to regenerated 
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cellulose, Fortisan is produced. Saponification imparts crystallinity to the fiber and 
increases its density from 1.3 to 1.5. (See Fig. 4.) 
Fortisan yarn is manufactured in the U.S. by Celanese Corporation of America; 
production was started in 1941, Because of its desirable properties, all production 
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Fig. 4. X-ray diagrams: (a) normal acetate; (6) stretched acetate; (c) saponified stretched acetate. 


was allocated for use by the Armed Forces during World War II. This has continued 
as a result of the Korean conflict and present heavy military program, although some 
civilian uses have been developed. The process is such that a wide range of filament 
and yarn sizes can be produced. The filament size is currently of the order of 0.75 
denier per filament while commercial yarn sizes range from 30 up to 300 denier. 
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PROPERTIES 


Fortisan may be visualized as a continuous filament cotton yarn with superior 
properties to cotton in almost every respect. The tenacity (tensile strength) when 
conditioned at 65% r.h. and 70°F. is 7.0 g-p.d., when wet, 6.0 g.p.d.; elongation-at- 
break is 6% for both conditioned and wet yarn. Like other textile fibers, Fortisan 
yarn varies in tenacity and elongation with twist as shown below: 


Twist per inech,....... 0 5 10 15 20 22 25 30 40 
Tenacity, gpd, ..... 6.6 7.0 7.4 7.6 74 7.5 74 7.2 6.5 
Elongation, %........ 5.6 6.0 6.3 6.4 6.6 6.7 6.7 6.7 6.5 


The specific gravity (dP) for Fortisan immersed in xylene is 1.5; Young’s modulus in 
teusion (initial) is 83000 kg. /mm.?. 

Portisan yarn exhibits both high resistance to stretch and elastie recovery from 
such stretch as indicated by the following values: 


Load, % of bronk.. 20... ee 20 40 60 80 
Stretch, Go... ee ee 0.5 2.0 3.7 4.8 
Mlastie recovery, %... eee 100 60 59.5 58.2 


Valnes for moisture regain are as follows: 


Rh, %.. wee LO 20 30 40 50 GO 70 80 90 100 
Moisture regain, % Leas 19 38.6 4.8 6.4 8.9 9.6 11.6 [4.5 19.0 24.8 


Expansion or shrinkage under extreme wetting and drying conditions is less than 
01%. 

Fortisan has a low electrical conductivity and because of its purity requires no 
additional treatrment to remove electrolytes as does cotton, 

Since Fortisan is a regenerated cellulose yarn, it is dyed with the same colors as 
those employed on cotton, Le., direct colors, sulfurs, naphthols, and vats. Due to its 
highly oriented structure and fine filaments somewhat more dye ig required for Fortisan 
than for cotton to obtain a given depth of shade. However, the dyeing affinity can 
he substantially improved by pretreatment with caustic soda. 

Fortisan is similar to cotton in its resistance to mold, mildew, heat, light, and ag- 
ing. Like cotton it can be treated with various materials to improve these properties. 


USES 
The properties which make Fortisan of value in military applications are as fol- 
lows: high strength of yarn and fabric (low weight for given strength), dimensional 
stability under a wide range of climatic conditions, resistance to stretch, fineness of 
filament, anid ability to withstand severe conditions of loading and tmpact. It gives 
strong light-weight coated fabrics with no protruding fibers. Aecordingly, Fortisan 
has been used for bulletproof combat garments, arctic clothing, parachutes (cargo and 
flares), balloon fabrics, raincoats, radomes, life rafts, and life vests. In the electrical 
‘trade, Fortisan has been used as insulation yarn and fabric, core threads for tinsel 
conductors, and supports for heating elements in flying suits. Other industrial uses 
are typewriter ribbons, sewing threads, industrial belting, and fire hose. In the 
civilian field, Fortisan has heen tested for light-weight rainwear, corset and brassiere 

fabrics, curtains, sheer dress fabrics, and lace. 
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REACTION KINETICS 


Modern chemical technology has stimulated the growth and development of chemical 
reaction kinetics by taking it from the laboratory into the industrial plant. The tre- 
mendous number of chemical reactions that find application in industry can no longer 
be economically developed by the older empirical methods. The complex study of 
reaction kineties is no longer a laboratory specialty and chemical engineers out of sheer 
necessity have only recently introduced this science to the field of technology. The 
story of this development in a large measure follows the parallel development of its 
more rigorous companion, chemical thermodynamics, 

The study of chemical phenomena can be resolved around two fundamental ap- 
proaches. One of these is concerned merely with the initial and final states of chemical 
changes. Itis, therefore, concerned with equilibrium conditions and criteria for evalu- 
ating these conditions. Its methods are as rigorous as mathematics itself aud its cou- 
clusions are exact, "This approach is called thermodynamics (¢.2.). 

The other is concerned with a much more complex aspect of chemical phenomena, 
numely, the rate at which systems proceed from initial to final states. It is thus 
concerned with temporal nonequilibrium conditions and the factors which control the 
passage through these conditions. Its methods must sacrifice rigor to produce prac- 
tical results and its conclusions out of necessity are approximate—sometimes only of a 
qualitative rather than a quantitative nature. This second approach is called kinetics. 

Both methods are intimately connected, in fact, thermodynamics serves as the foun- 
dation from which kinetics is built, Thus, the study of the rate of a chemical reaction 
from its initial condition to its final state requires a knowledge of these states and the 
relative stability of one to the other, that is, the relative level of equilibrium. From 
thermodynamics, the driving potential, which is a measure of the tendency of a system 
to change from one state to another, is ascertained. Of course, before a consideration 
of the rate of a chemical reaction can be made, the favorability of such a reaction must 
be determined. The driving potential 1s just such a criterion; however, its magnitude 
is only a measure of the tendency for chemical reaction and does not tell whether or not 
the reaction will in fact tale place, nor with what speed it will occur should it take place. 

The rate at which a change will take place in general depends upon two factors: 
directly with a driving force or potential and inversely with a resistance. In the case 
of chemical kinetics, the relation between these factors is far from obvious. A measure 
of the tendency of the system to resist chemical change is the so-called activation 
euergy, which is independent of the driving force or so-called free energy of reaction. 

Tn Figure 1, a mechanical analogy is used to illustrate the difference between acti- 
vation energy and driving potential. ‘The chemical system is represented by a sphere 
resting in a valley between hills. The initial equilibrium state A is at a higher ele- 
vation than the final state B. This difference in elevation between A and B is a meas- 
ure of the free energy change of the reaction, that is, the tendency or driving force 
which will take the system from AtoB. This quantity AG is determined by the classi- 
cal methods of thermodynamics. 

Now both A and B are equilibrium states represented by the valleys between the 
hills. Tn order for the system to go from A to B it must first overcome the hill separat- 
ing the valleys. The elevation of this hill from the valley of the initial state is a meas- 
ure of the tendency to resist a change in the system in goingfrom A to B. This quau- 
tity AG,, known as the free energy ol activation, is determined-by the method of kinetics. 
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The system of molecules which is undergoing reaction consists of these molecules 
in different energy states. In the case of a gas at ordinary. temperatures and pressures 
these energy states are largely defined by the speeds with whirh the molecules move. 
The ensemble of molecules comprising the system have speeds which are distributed 
statistically, their root mean square speed defining the temperature of the gas. Wheu 
the molecules necessary fov the reaction to take place collide simultaneously and their 
combined cnergy is at least equal to the activation energy, reaction will oceur and the 
products will form. If the tempcrature of the gas is raised, more collisions will result 
which have the necessary activation energy and reaction will occur at a greater rate. 
Thus, in general the rate of reaction is increased with temperature. Also, if hy means 
of a catalyst, the activation energy is decreased, more colliding molecules will react 
and again the rate of reaction will be increased. 

As an example, the system consisting of » mixture of liydrogen and oxygen gas 
may he considered. Before these two elements can react to form water, they must he 
elevated to the activated state, This cau be accomplished by means of an electric 
spark; or the activation energy may be reduced by a catalyst to allow combination at 
room temperature. In the form of water, the system 
is at a lower level of equilibrinm and, therefore, repre- 
sents the more stable condition. In order to convert 
the water back into its elements, an activation energy 
consisting of the sum of the combining activation 
energy and the driving force energy (AG, + AG) would 
have to be applied. The combination of hydrogen 
and oxygen to form water is therefore considered 
favorable, whereas the reverse reaction is considered unfavorable. 

Experimental Methods of Determining Reaction Rates. All the data employed 
in the design of industrial eyuipment must come from controlled experiments. Most 
of these data are obtained in the laboratory, 4 good deal in pilot plants, and some in 
industrial plants. Fundamental data, of course, are obtained in the laboratory and 
these are in general primarily employed in the design of pilot plants. 

The methods of analysis can he divided into three types. 

(1) Samples are withdrawn at given time intervals from the reaction mixture, 
rapidly chilled, to reduce further reaction to a minimum, and quickly analyzed for re- 
actants, products, or both, 

(2) Multiple samples of the reaction mixture are started simultaneously and at 
given time intervals one of the samples is chilled and analyzed. 

(3) Physicochemical methods are used to analyze the reaction mixture without 
withdrawing samples. Some of the methods employed are polarization, colorimetry 
or spectral absorption, dilatometry, conductivity, volume of gas evolution, pressure of 
constant volume of gas system, and so forth. 

Experiments to obtain data by the methods described above may be arranged as 
either batch or flow processes according to one of the following three types. 

(1) Measurements of composition as a function of time in a batch reactor at 
constant volume and temperature—batch process, constant volume. 

(2) Measurements of exit composition as a function of feed rate to a coustant 
volume reactor at constant pressure andl temperature-—flaw process. 

(8) Measurement of composition as a function of time in a batch reactor at con- 
stant pressure and temperature-—batch process, constant pressure. 





Figure 1. 
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In the laboratory, the first type is usually employed and is generally simple and 
direct except where large changes in pressure occur, such as when a gas is evolved. 
In the pilot plant, the second type is generally employed because it has direct applica- 
tion to industrial flow-type reactors. Although the mathematics for the second type 
is more complex, data are simple to obtain and dependable, The third type is much 
less common than the first two and involves a more difficult experimental technique. 
Constant pressure is maintained by varying the volume of the system, and in general 
this is an involved procedure, but it is desirable in reactions involving a change in 
phase where the volume of the system is difficult to determine. 

Classification of Reactions. Chemical reactions are broadly divided into homo- 
geneous types in which the reacting system consists of a single phase and helerogencous 
types in which the reacting system consists of more than one phase. In some catalytic 
reactions, the substances which undergo permanent change may be of a single phase, 
but of a differeut phase than the catalyst; and, although the reaction in the main body 
of the system proceeds by a homogeneous reaction mechanism, the overall chemical 
reaction is heterogeneous due to the interaction at the interface of the system and cata- 
lyst. 

Reactions may alsu be classified as flew or batch processes. In the flow process a 
steady-state condition is reached so that no changes occur with respect to time in the 
constant volume reactor. Reactants enter at a constant rate and the products are 
withdrawn at the same mass rate. In the batch process, changes in the system occur 
with respect to time. Reactants are aclded to the system and permitted to undergo 
reaction for a given time at the end of which the products are removed from the system. 

The conditions under which a reaction takes place may also serve as a means of 
classification. Thus, a reaction may be kept at constant temperature by removing 
the heat evolved in reaction or supplying the heat absorbed in reaction; this is an 
isothermal reaction, On the other hand, the reacting system may be insulated to pre- 
vent any heat transfer to the surroundings; this is an adiabatic reaction. By restrain- 
ing the system in a rigid container, the reaction will proceed at constant volume. Fi- 
nally, the system may be exposed to aconstant! pressure. Usually the constant volume 
reaction is associated with the batch process and the constant pressure reaction with 
the flow process. 

An important distinction between chemical reactions is the question of reversi- 
bility. From a thermodynamic standpoint all reactions taking place in an isolated 
system are irreversible. When used in this sense, a reversible reaction could occur 
only if the isolated system were in equilibrium at all times, This condition cannot be 
realized practically, since, in order to have a measurable rate of reaction, the system 
cannot be in equilibrium. However, by successively reducing the extent of non- 
equilibrium, the reversible reaction may be approached, Under these conditions, the 
time of reaction approaches infinity. The industrial type of reaction that can be 
made to approach reversible conditions is in the field of electrochemistry. As the 
reversible type of reaction is approached, the energy requirements become a minimum. — 
However, a balance must be reached between the increase in cost due to excessive time 
and the decrease in cost due to energy saving. 

From the kinetic viewpoint, a reversible reaction is one that can take place in 
either direction, whereas an irreversible reaction is unidirectional. This is an entirely 
different use of the term reversible than in thermodynamics, By isolating all the re- 
actants in a closed system, every reaction can be theoretically made kinetically revers- 
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ible. Similarly, every reaction at the very start is unidirectional even if confined to a 
closed system, The reaction cannot reverse itself until sufficient concentrations of 
products have heen produced to give a significant rate of reaction in (he reverse direc- 
tion. Naturally, the reverse reaction is avoided whenever possible, sinee tt reduces 
the yield of products. If one of the products can be removed (rom the reacting system 
as soon as it is formed, the reaction can be made unidirectional from beginning to end. 
Thus, the evolution of a gas from a liquid or solid phase, or the precipitation of an in- 
soluble solid phase from a liquid mixture will cause a reaction to be unidirectional. 

General Rate Equation for Homogeneous Reactions. Many careful studies on 
chemical reactions coupled with thermodynamic considerations have shown that the 
rate of reaction is proportional to the product of the active concentration (that. is, 
activity, see below) of each of the molecules entering into the reaction. Thus, if the 
following general reaction is considered: 


aA +bB+...-====1RES4+... 


which states that “a” molecules of species A react with “b” molecules of species B, ete., 
to yield “x” molecules of species R, ‘‘s” molecules of species 8, etc., then the rate of the 
forward reaction may be written as: 


» = kata’... 4) 


where: r = rate at which the molecules of component A are converted per unit time per 


. . dn A 
unit volume of reacting system = ~ ——; ny = number of molecules of component A 


Vat 
in the system at time ¢ from the start of the reaction; V = velume of reacting system; 
k = proportionality constant, called the reaction velocity constant; and a, = active 
concentration, called the activity (or relative fugacity), of component A in the reac- 
tion mixture. Ga = na/m for an ideal solution, where n, is the total number of mole- 
cules of all kinds present. Similarly for the other components. 

In equation (1), the active concentrations of each component are raised to a power 
equal to the number of molecules of that component taking part in the reaction, be- 
‘ause the rate is proportional to the product of the concentrations of each molecule 
taking part. For the backward or reverse reaction, the rate is analogously given by: 


r’ =k’ ahag... (2) 
The net rate is then given by: 


ra = kaka...) — bi (ahak.. 2) (3) 


Since the relation between the number of molecules of each component taking 
part in the reversible reaction is fixed by the chemical equation, the rates r and r’ 
may be expressed as the conversion of any one of the reactants or the production 
of any one of the products. Component A is chosen for convenience, 

At equilibrium the forward and backward rates become equal, so that the net 
rate of reaction reduces to zero. Thus, at equilibrium: 


Yr 8 
aps) K . (4) 
aka’, ¢ 


where: K = the equilibrium constant defined by thermodynamics. Substituting 
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equation (4) in (3) gives, for the net reaction in terms of the forward reaction velocity 
constant: 


r-r=k | (ta oo ie ‘ (Aas - - »| (5) 


The active concentrations or activities are determined hy the methods of thermody- 
namics. For ideal mixtures the actual concentration in molecules per untt volume may 
be used. In the case of gases al normal temperatures ancl pressures, the assumption 
of ideal mixtures is quite accurate. However, at high pressures and low temperatures, 
especially in the neighborhood of the critical region, the assumption leads to intoler- 
able errors and suitable corrections for nonideality must be made. In general, liquid 
and solid phase mixtures are far from ideal although in many cases good approxi- 
mations can he made by assuming ideal solutions. Accurate results, however, are 
quite rare. 

The reaction rate equations given above may he expressed in terms of concen- 
tration nuits on a volume basis, assuming ideal mixtures. The reaction velocity con- 
stants so expressec| are in general no longer true constants at a given temperature but 

vary with concentrations. Nevertheless, the overwhelming mass of data in the past: 
have been taken in terms of this basis, and it is important to relate the two ¢ypes of 
constants. The rate of reaction may he expressed as follows: 


= het ae a : (6) 


where: c, = n4/¥, etc., and k, = reaction velocity constant in concentration units. 
From. the thermodynamic definition of activity: 


vara 
ay = = = yaeun 
Mt 
where: yy = activity coefficient of component A in the mixture, aid» = V/n, = 


molal volume of the reacting system. The relation between the two constants be- 
comes: 


ke = Byhy oe. (2) FP? (7) 
Similarly, for the equilibrium constant: . 
YAY. «6 (ath... -r—s...) 
K, = K + (0) (8) 
YRYS+ >> 


For gases, these equations may he written as: 


ke = kviv. . (CRTYEHE (9) 
and: 
Ky = KBB cpmyetr memo : (10) 
vRPS see 


where: v4 = fugacity coefficient of component A in gas mixture = ayn./Pna, fugacity 
in standard state taken as unity, so that fugacity is equal to activity; C = compressi- 
hility factor of gas mixture; R = gas constant; 7 = absolute temperature; and 
P = total pressure. —— 
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For ideal solution or ideal gases, the coefficients in the above equations reduce 
to unity so that in these cases the above equations simplify to the following forms: 
For ideal liquid solutions: 


By = A(py@tP--) (11) 
K, = KQyeth mers (12) 
For ideal gases: 
ke = R(RTVO HED) (13) 
K. = K(RT\OFR mrs (14) 


Order of Reaction. The order of a chemical reaction is defined as the minimum 
number of molecules which uppear to react simultaneously according to the kinetic 
equation which describes its mechanism. For a simple reaction, the order is an integer 
which has never been found to exceed three. Thus, if the general kinetic equation for a 
chemical reaction is taken: 


aA + bB+...= = '1R4+ 84+... 


then the order for the forward reaction is given hy: (a -- b +...) and the reverse 
reaction by: (vr +s + ...), providing the reaction is simple, that is, takes place by a 
single equation with integral coefficients. The kinetic equation as written may not 
agree with the thermodynamic or stoichiometric equation, siuce the latter depends 
only upon the iitial and final states which give the overall effect. The kinetic equa- 
tion must rather describe the mechanism of the reaction, For a simple reaction, a 
single kinetic equation describes the mechanism as well as the overall stoichiometric 
result. For a conuplex reaction, which is really the result of several successive re- 
actions, more than one kinetic equation with integral coefficients is needed to descrihe 
the mechanism. 

Many complex reactions may be described by rate equations employing 1on- 
integral coefficients, These equations are purely empirical and yield a nonintegral 
value for the order. Although they have no theoretical basis, these enrpirical equa- 
tions are extremely important in industrial calculations sinee they permit the design 
of reactors with the same assurance as for simple reactions. Indeed, many industrial 
reactions are uot simple and can only be handled in this way, if at all. 

Because the probability of more than three molecules meeting simultaneously 
with the required activation energy to react is extremely small, no reaction has ever 
been found to exceed the third order. When u stoichiometric equation is obtained in 
which more than three molecules are indicated for the reactants, it follows that the 
reaction must proceed by a mechanism of more than one kinetic equation. In fact, 
since third-order reactions themselves are very rare, overall reactions involving three 
molecules are usually complex and take place by more than one simple kinetic equation, 
For example, the industrial synthesis of methanol from carbon monoxide and hydrogen 
is represented by the following stoichiometric overall equation: 

, CO + 21 CHLOH 





However, kinetic studies indicate that the reaction most probably proceeds in twa 
steps, each of which is a second-order reaction thus: 

. CO + H; ——~» HCO 

H.CcO + H, ———> CH,0H 
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As far as the overall equation is concerned, no simple order can be assigned, and a 
correct kinetic analysis depends upon the treatment of the case as a set of consecutive 
reactions. Now, as far as thermodynamics is concerned, an overall equilibrium. con- 
stant exists which is the product of the individual equilibrium constants for each con- 
secutive reaction. Thus, thermodynamic analysis of the reaction is simple and 
straightforward, whereas the kinetic analysis is complex sid devious. 

The order of a reaction may appear to be less than its actual value if one or more 
of the reactants are restrained to constant concentration, Thus, a first-order reaction 
may appear to be of zero order if the concentration of the reactant remains constant, 
asin a saturated solution in contact with its solid. As soon as the reactant is 
converted in the saturated solution, more reactant dissolves to replace it. Under these 
conditions, the reaction rate is constant since it is proportional to the constant con- 
centration. This fulfills the conditions of a zero-order reaction in that the rate of 
reaction is independent of concentration; that is, the sum of the reactant exponents in 
the kinetie equation is zero. Although the above example represents a psendo zero- 
order reaction, since the true mechanism is first: order, there are cases of true zero- 
order reactions, such as photochemical reactions, where the limiting factor is the ab- 
sorption of light. 

Higher order reactions, such as seconcl order, may appear to be first order if one 
of the reactants is esseutially constant. Thus, many second-order reactions occurring 
in dilute solution, in which the solvent ts one of the reactants, appear to be of first order, 
since the concentration of solvent is scarcely affected. 

Theory of Absolute Reaction Rates. By the methods of statistical mechanics a 
new theory has been developed which permits the calculation of reaction rate constants 
from a knowledge of chemical structure and energy distribution. Unfortunately, the 
theory is still unable to predict these constants with any reasonable degree of assurance. 
Predictions may vary by factors of 10 or 100 from actual values, and, although these 
may serve as qualitative evaluations, they are useless for purposes of engineering design 
(see Vol, 3, pp. 251 and 252). 

Variation of Velocity Constants with Temperature. Since temperature is a 
measure of molecular motion, an merease in temperature will increase the energy of 
this motion. This in turn will increase the energy of collision between reacting mole- 
cules and therefore increase the rate of reaction. The relationship between the increase 
of reaction rate with temperature and activation energy was first discovered empiri- 
cally by Arrhenius and is stated as follows: 


k= Ae —AH,/RT (15) 


where: A = proportionality constant, and AH, = enthalpy or heat of activation. 
The relationship between the empirical Arrhenius equation and the theory of absolute 
reaction rates is discussed in Volume 3, p. 252. 

For comparatively small temperature changes, A and AH, may be treated as 
constants so that the ratio of reaction rate constants at two different temperatures 
may be evaluated to give 





Ry AH 1 1 
ere fo 16 
ky R ( (16) 


For most homogeneous reactions occurring at around room temperature, the velocity 
constant is roughly doubled for a ten degree (centigrade) rise in temperature. 
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The measurement of reaction rates at. different temperatures provides a means of 
determining the heat; of activation from equation (15). 

Integral Conversion Equations. The rate equations previously ciscussed are in 
differential form and give the instantancous rate of reaction as a function of active 
concentrations at constant temperature. For batch processes at constant volume 
the differential or infinitesimal conversion of component A is given for the correspoud- 
ing differential time interval. Tor flow processes at constant pressure, the differential 
conversion of component A is given for an infinitesimal increment in volume. In 
order to be of practical use, these equations must be integrated to yield couversions 
for finite changes in time or volume depending on whether the reaction is uon-flow or 
flow. 

The integration of equation (1) at constant volume yields the desired relationship 
between conversion and time for batch reactions. For convenience, the final inte- 
grated equations are given in Table I for all types of simple order reactions. Also 
included. are all types of reversible reactions up to and including the second order. 
These equations permit the culculation of the total time required to produce a desired 
conversion for a given type of simple order reaction wider specified conditions. For 
reaction 2A -+- B — products, if ny = 2n, then the equations for reaction 3A — 
products apply. Similarly, if x4 = 7 for reaction A + B ++ C > products, then the 
equations for 2A + B— products apply. Likewise, ifn = nh = nt for the above 
reaction, then the equations for reaction 3A — products apply. A separate nomen- 
clature, listing the terms in Table I, is ineluded for ready reference. 

The integration of equation (1) at constant pressure for a flow process is carried 
out with respect to the vohime of the reaction, yielding the conversion of reactant A 
for steady-state conditions. The flow reaction is assumed to take place in a reactor in 
which no longitudinal mixing oeeurs, At any cross section in the reactor, the degree 
of conversion is constant and the same, The time variable is eliminated by incorporat- 
ing it in the feed rate to the reactor. Thus, for any differential cross-sectional volume 
of reactor, a given mass passes through in a unit time at the feed rate. In this unit 
time a certain amount of reaction takes place in the differential volume at a constant 
rate and produces a. differential amount of conversion. The number of molecules so 
converted disappears from the mass leaving the differential volume. Equating this 
loss to the amount of reaction eliminates time as a variable and relates conversion to 
the volume of the reactor. The final integrated equations for flow reactions are hsted 
in Table IT. The same types of equations covered by Table I will be found in Table IT 
‘and the same conditions concerning n4 = np, ctc., apply. A separate nomenclature for 
Table IT is also included. 

Space Velocity. In Table II, the degree of conversion is used to define the ratio 
of the reactor volume to the feed rate. For flow reactions this ratio is related to the 
space velocity, which is a convenient measure of the volume rate of feed to the volume 
of the reactor. It, therefore, is expressed in reciprocal time units, usually reciprocal 
hours. The conditions for measuring the volume of feed must be specified. For 
liquids, the standard temperature of 60°F. is used, whereas for vapors the standard 
conditions of 32°F. and 1 atmosphere are used. The space velocity is thus the ratio 
of the volume of the reacting material at standard conditions to the volume of the 
reactor for a given time interval. If the reactor contains a catalyst, the volume of the 
empty reactor is taken. 

Simultaneous Reactions. When some or all of the reactants ean undergo more 
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than one reaction at the same time, the kinetic equation becomes more complex so that, 
in general, a direct mathematical solution is not possible. When the reactants for 
eath of the simultaneous reactions are all the same and all the reactions are of the same 
order, simple integrated equations can be obtained. However, the general case in- 
volves a set of complex simultaneous differential equations which normally cannot 
be analytically integrated. When such a situation arises in industrial applications, 
graphic methods are employed. 

Consecutive Reactions. In consecutive reactions the products of the reaction 
undergo further reaction to produce new additional products. Often an intermediate 
product may act as a catalyst in that i does not appear m the fal product but serves 
to catalyze productiou of the final product. For example, the following simple set. of 
reactions may be considered: 


A?B+C 


Normally A will not produce C, but by forming the intermediate B, which de- 
composes to form. C, the final product is obtaimed. During this reaction B builds up to 
a maximum and then disappears with A until, upon 
completion, only C remains. In Figure 2, the 
change in concentration with time is shown for each 
of the components. This isa very inportant type of 
reaction which is sometimes referred to as autocata- 
lytic. In other words, the formation of B, which 

TIME acts as the intermediary, comes from the reactant 

Figure 2. itself and therefore makes the reaction self-catalytic. 

The characteristic S-shaped curve of product forma- 

tion indivates some form of consecutive type of reaction. The number of steps in the 

series of reactions may be more than two, but the final product, usually follows the 

characteristic curve. Since the production of the final product starts off at a low 

rate and builds up rapidly to a maximum, the initial period is referred to as an in- 

duction period. If the number of consecutive reactions is large, the induction period 

is quite distinct and nothing appears to happen until the reaction suddenly appears 
to take place. 

Chain Reactions. (See also Aniioridants; Polymers.) A series of consecutive 
reactions which repeats itself is known as a chain reaction. Sometimes the chain of 
reactions nay be as much as many thousand molecules long. For this reason, chain 
reactions are quite sensitive to negative catalysts or inhibitors, which break up the 
chain. Since only a single molecule may break up a chain of thousands of molecules, 
these inhibitors are effective in very small concentrations. The oxidation of fats and 
oils is an excellent example of a chain reaction which is highly susceptible to inhibitors. 
This has an important industrial application in the use of antioxidants for food and 
petroleum products. 

A simple example of a chain reaction, which was, indeed, the one used to develop 
the theory of chain reactions, is the photochemical combination of hydrogen and 
chlorine to form hydrogen chloride. The following series of reactions takes place: 


CONCENTRATION 





Clk ++ light ———> 2 Cl 
Cl -- W, ———> HCl + H 
H + Ch ———> HCl + Cl 
J+ HW, -————> HCl + HY, ete. 
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Once the atomic chlorine is formed from the absorption of light, it reacts with Hy to 
produce atomic hydrogen which, in turn, produces more atomic chlorine, ete. The 
repeating series of reactions then consists of the two simple reactions: 

Cl + H, -———> HCl + H 

H + cl, ———> Hcl + cl 


Enpirically many chain reactions may appear to be reactions of simple order. 
This nay be due to the fact that one of the reactions of the chain is dominating, that 
is, its velocity constant is considerably smaller than those of the remaining reactions. 
However, the facet that the reaction is susceptible to extremely small concentrations 
of inhibitor clearly indicates its chain nature. 

In the decomposition of organic substances at high temperatures, free radicals 
such as CH;— appear and may propagate chain reactions. These reactions are 
extremely important today in the preparation of lower hydrocarbons for fuel from 
more complex members of the series. The extremely reactive free radicals which are 
formed in the decomposition account for a series of chain reactions, whose overall 
effect may be of simple or complex order. 

Determination of Order of Reaction. There are four basic methods of determin- 
ing the order of reaction. The first and more obvious method consists in substituting 
the concentration vs. time variables into the different order equations to obtain values 
of the rate constant. The equation which gives the most satisfactory series of con- 
stant values of the rate constant is chosen. The method can be applied graphically 
as Well as analytically, although the former is preferred. This method will worl for 
reactions of simple order, but may lead to erroneous results for complex reactions. 

The second method depends upon determining the times for the same fraction of 
conversion to take place when starting with different initial concentrations of the re- 
actant. If more than one reactant is involved, they should all be present in the 
stoichiometric or equivalent amounts. If 4 is the time required for a definite fraction 
(usually one-half or oue-quarter) of the initial concentration of reactant c to be con- 
verted, and if & corresponds to the same fraction of conversion of ca, then the order of 
reaction is given by the followmg equation: 


log 4 — log ly 
z= Sena 


(L7) 
log c, — log cy 
where z = the order of reaction. 

Obviously, it is not necessary to employ two separate experiments, since the con- 
centration at the end of converting the given fraction may be considered as the initial 
concentration for a subsequent conversion of the same fraction. Thus, if ¢, is converted 
to 1/2 in time 4, then fy is taken as the time to convert ¢/2 to (¢:/2)/2 or 1/4. To 
check the results of the method, at least three measurements are taken so that more 
than oue calculation of the order of reaction is nade. This method is the most ac- 
curate of those available, particularly in cases where side reactions may occw to a 
limited extent. However, its application to constant pressure flow systems is limited. 

Tn the case of reactions involving more than one reactant, it 1s possible to conduct 
a series of experiments in which each of the reactants is in turn present in small amounts 
—-this constitutes a third method of determining the order. Since all the remaining 
reactants are present in relatively high concentrations, reaction of a considerable 
fraction of the particular reactant present in small concentration has a negligible effect: 
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upon the high concentrations of the remaining reactants and they may be considered 
constant. In each experimeut, lhe reaction will in turn appear to have the same order 
as the exponent of the concentration of that reactant which is present in small 
amounts. The order in each of these experiments may be determined by either of 
the methods mentioned above. The sum of these individual values gives the order 
of the overall reaction. Thus, in the general rate equation (6): 


b 
yak, cach... 


the first experiment would employ small values of c, and yield the exponent “a” as the 
order of the reaction sinee the value of eg would be essentially constant. This is some- 
times referred to as a pseudo “‘n”-order reaction. ‘The second experiment, would yield 
a value of the exponent “b,” etc. The overall order of the reaction would be given by 
the suin of these expouents: 


e=(atb+... (18) 


"The fourth available method is in effect a differential method and is useful for complex 
reactions. It is similar to method three in that it investigates the effect of each re- 
actant in turn, keeping the concentration of the remaining reactants constant. The 
initial rate of reaction is determined for two different concentrations of one of the re- 
actants. The rate so determined must be over a short time interval such that the 
change in concentration is not m excess of ten per cent. Tf Ac, is the first change in 
concentration for reactant A. of concentration c4 over time interval Ag, and Ac, and 
At’ are the corresponding values for a second change in concentration, ca, of reactant A, 
then the order of the reaction for reactant Ais given by: 


__ log (Aca/At) — log (Ack/At’) 
~ log c, — log ch 





a (19) 
Repeating for reactant B, ete., gives the values of exponents “‘b,” ete. The overall 
reaction is then given by equation (18) above. 

Although these four methods are generally applied individually to any specific 
problem, complex cases may sometimes require the use of more than ane. In some 
cases it may not be possible to choose from more than one suitable reaction mechanism 
and the order of the reaction may be correctly described by several values depending 
upon which mechanism is talcen, Statistical methods have been applied to help make 
a more confident choice when several mechanisms present themselves. Some of these 
methods are described in the general references given at the end of this article. 

Heterogeneous Reactions. In general, heterogeneous reactions are mostly found 
in the field of catalysis (q.v.). However, reactions that are heterogeneous are not 
necessarily catalytic aud a number of industrial reactions of the latter type are im- 
portant. Most of these involve the interaction between gases and liquids, for example, 
the reaction between ethylene oxide and water to produce ethylene glycol: 


CoO -- H,O ———> C,EL(OF)e 


The ethylene oxide is in the form of a gas and the water and glycol in the form of liquid. 
In the case of multiphase or heterogeneous reactions, the kinetie mechanism depends 
upon physical factors as well as chemical, and not just chemical as in the case of homo- 
geneous reactions. ‘Thus, the rate of transfer of material between the phases becomes | 
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important and complicates the mathematical treatment. In other words, diffusion 
(see Film theory) becomes a most important factor in heterogeneous reactions. 

The method of analysis of heterogeneous reactions involves the simultaneous effect 
of homogeneous reactions iu each of the phases plus the added effects of interaction 
between the phases. Only in the very simple cases has it been possible to describe 
these reactions with mathematical rigor, and practically all cases of industrial impor- 
tance require empirical methods of analysis, 
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REALGAR, AsiS, See Arsenic, Vol. 2, p. 121. 

RED LEAD, Pb,Q,. See Lead compounds, Vol. 8, p. 271; Pigmenis (inorganic), Vol. 10, 
p. 684. ; 

RED OIL. See “Oleic acid” under Fatty acids, Vol. 6, p. 269. 

REDOX SYSTEMS. Sce Ozxidation-reduction, Vol. 9, p. 676; Potentiometry, Vol. 11, 
p. 40. 

REDUCTION. See Oxidation-reduction; and such articles as Amination by reduction; 
Hydrogenation. 

REDUCTODEHYDROCHOLIC ACID, CiHas0s. See Bile constituents, Vol. 2, pp. 514, 
BIB. — | 

REFINER’S SIRUP. Sec Sugar manufacture. 
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RE-FORMING. See Manufactured gas, Vol. 8, p. 792; Petroleum (refinery processes), 
Vol. 10, p. 138. 


REFRACTOMETRY 


When electromagnetic radiation crosses a boundary hetween two media, in general, it 
undergoes a change in its velocity of propagation. If the incident, radiation is other 
than perpendicular to the boundary, the direction of propagation also changes. The 
quotient of the velocity of propagation in free space (vacuum) divided by the velocity 
of propagation within a medium is termed the index of refraction (or refractive index) of 
that medium. In this article some of the more commonly used methods of measuring 
the index of refraction will be discussed, The spectral range discussed. will be limited 
to the visible region, although most of the methods described may he employed both 
in the infrared and ultraviolet when suitable detectors of radiation are used. Only 
isotropic homogeneous substances which are transparent to this spectral range will be 
considered, Anisotropic or strongly absorbing materials require special methods of 
measurement and the methods described here may be subject to significant svstem- 
atic errors unless special precautions are taken (1). 

Refractive index data find many applications in the field of chemistry, such as the 
identification of materials, quantitative analysis of solutions, determination of purity of 
samples, and are useful also in determining dipole moments, molecular structure, and 
approximate molecular weights, 


General Principles 


Several phenomena occur when light passes from one medium to another (or 
from a vacuum ito a material medium), any one of which may be used as a basis for 
measuring the index of refraction of the medium. The velocity of propagation 
changes; a certain amount of light is lost. by reflection; if light is incident other than 
parallel to the normal (perpendicular) to the bounding surface between two media 
the direction of propagation changes and certain polarization effects appear; and at 
certain angles of incidence (angle betiveen the light ray and the normal to the boundary 
surface) total reflection may occur. Since all these effects vary with wave length, the 
index of refraction is a function of wave length. ‘The rate of variation of refractive 
index with wave length is termed dispersion. 

The ratio of the velocity of propagation in a vacuum to that ina medium is called 
the absolute index of refraction and is denoted heve by n,y,. The ratio of the velocity 
of propagation in medium 1 to that in medinm 2 is called the relative refractive index 
and is denoted by na. In most cases the absolute index is determined for gases, 
while for liquids and solids the index relative to air is determined. 

Since velocity of propagation is difficult to determine directly, one usually resorts 
to indirect, methods in which the change in optical path due to slowing down of the 
light is measured, as in the interferometric and microscopic methods described below. 

If light is incident at an angle 7 (Fig. 1) on the boundary between two media of 
absolute index n; and me, the light which passes into the second medium proceeds in a 
direction defined by the angle of refraction, r. 

The angles 7 and r are related by Snell’s law, which states that n sin 7 = m sin’. 
If medium 1 is a vacuum, for which nis unity, then: 
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Heaps = “ (1) 
sin r 
Tf medium | is air, for which ny, is 1.000277 (at 760 mm. Hy, 0°C., wave length 
5893 A.) then moans = 1.000277 (sin i’sinr). Since the index of refraction of air varies 
but little for the usual changes in humidity, composition, temperature, and pressure 
of the air in the laboratory, it is usually satisfactory to use values of the index of refrac- 
tion relative to air, However, for the most. precise determinations either correction to 
standard conditions or use of nap, is Necessary. 
If m1 < ne and the angle of incidence is increased to 90° (grazing incidence) the 
angle of refraction reaches a maximum value given by: 


Mm = nesinr (since sin 90° = 1) (2) 


Conversely, if 2, > ne, at values of 7 greater than a certain value given by 21 sind = ne 
(ry = 90°) no light enters the second medium and total reflection of the incident light 
ocenrs. The angle which the light makes with the normal to the boundary surface 
in the medium of higher index is the same in these two 
cases and is called the erttical angle for total reflection. 
An important class of dex measuring equipment. is 
based on this phenomenon (see p. 588). 

Unpolarized light meident on the boundary snr- 
face as in Figure | may conveniently, and accurately, 
be considered to be made up of two vibrations (electric 
vector) of equal amplitude and unrelated phase, both 
vibrations being perpendicular to the incident. beam, 
one tn the plane defined by the beam of light and the normal to the surface (called the 
plane of incidence), the other perpendicular to this plane. At all angles of incidence 
other than 0° and 90°, the vibration perpendicular to the plane defined above is re- 
flected more strongly than the vibration in this plane. Thus the reflected and re- 
fracted light are partially polarizel. At a particular angle of incidence called 
Brewster's angle, none of the vibration in the plane of incidence is reflected, and the 
light that is reflected is completely plane polarized with its vibration perpendicular to 
the plane of incidence. Since Brewster's angle ean be shown to be given by: 





Fig. 1. Refraction at the bound- 
ary between two media. 


my tanz = ns (3) 


determination of the angle of meidence at which vomplete piane polarization of the 
reflectect beam occurs provides a means of determining no when x, is known or vice 
versa. See also Vol. 10, p. 878. 

The amount of light reflected and transmitted depends on the angle of inciclence 
and the indexes of refraction m: and na, in a manner given by Fresnel’s equations (3, 
Chap. 18). At normal incidence, that is? = 0°, these may be simplified to: 


n- Gai) ° 


dr =1- Ga) (5) 





and 
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where Ip is the incident tensity, 7, the reflected intensity, and J, the transmitted 
intensity. Therefore, a measurement of either J 1/Zo or L,/fq provides enough informa- 
tion to determine ». 


Apparatus and Methods 


CRITICAL ANGLE MUTHODS 


Apparatus using the critical angle for total reflection is the most. commonly used 
and therefore will be described first. Three typical mstruments, the Pulfrich re- 
fractometer, the Abbe refractometer, and the dipping refractometer will be described. 


TARLE T. Maximum Accuracy and Range of Critical Angle Refractometers. 











Maximum 
Maximum Muximum accurney, 
Relractometer ACCULAEY, Nyy accuracy, An {ny — Re} Range of x 
Pulfrieh*+’+* +1 1073 +L > 1073 2 & 1075 L.38-1.61 
1.47-1.74 
1.64-1.86 
Abhe*-! +1X107 $2 X10 HL X 10-4 180-1. 70 or 1. 45-184 
Precision Abbe*/ #2 107° 42X10 =+2X 10-8 133-1, 64 or 1.36-1.50 
or L.40-1.70 
Dipping (immersion )":@ ~—7 X 1075 +7 X 107% — 1.32-1.54 (6 prisms)® 





* Hilger. Zeiss. ¢ Bellingham and Stanley. “ Bausch and Lomb, ¢ Spencer. / Valentine, 


For a discussion of errors Lo which these methods are liable see references (3, 4). Table 
I gives a comparison of different critical angle refractometers (1). 

Pulfrich Refractometer. ‘The Pulfrich (Fig. 2) is useful for measuring the refrac- 
tive index of either solid or liquid samples. With great care in the use of the instru- 
ment and with the best possible adjustments, accuracy of the order of 1 X 107! in 
refractive index is possible. The difference in index between two samples whose 
indexes cliffer but little may be determined within +2 * 10—. 

The central component of this instrument is a block of glass, which must be of 
excellent quality, with two plane surfaces usually at right angles to each other, one in 
horizontal plane, the other in a vertical plane. As indicated in Tigure 3, slightly 
convergent light, from a source giving well-spaced, sharp spectral lines, is incident on 
the horizontal surface. Rays incident at nearly 90° to the normal, that is, nearly 
parallel to the horizontal surface, are refracted into the Pulfrich block at the critical 
angle, which depends on the index of refraction of the block and that of the liquid (see 
eq. 2). If the dispersion of the liquid is different from that, of the glass, as is usually 
the case, the critical angle will be different for different wave lengths. Rays incident 
on the horizontal surface at angles less than 90° from the normal will also be refracted 
into the block. Rays at angles greater than 90° will, of course, not enter the block 
through the horizontal surface. Therefore, rays refracted at angles less than and up 
to the critical angle will emerge from the vertical face of the Pulfrich block as shown, 
while rays at angles greater than the critical angle will not appear. 

A telescope adjusted for parallel light is used to view the light emerging from the 
block, All rays emerging at a particular angle are imaged in a line. Thus the field. 
of view in the telescope will be as shown in Figure 4 when monochromatic light is used. 
The portion of the field corresponding to angles greater than the critical angle will be 
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dark. he rest of the field will be light. The dividing line between light and dark 
will be very sharp with proper instrument ad justment, and the cross hairs of the tele- 
scope, indicated by the lines at 45° to each other, may be set on the dividing line with 
good reproducibility. . 


‘ee 





Courtesy Bauach & Lomb Optical Co. 


Fig. 2. Precision Abbe refractometer (1): 1, alidade; 2, reflector; 8, scale; 4, vernier; 
5, scale magnifier; 7, scale switch; 8, scale lamp connector; 12, telescope; 14, knurled heads; 
15, prism box; 16, light shield; 27, drip trough; 19, water connections; 20, drain connec- 
tion; 2/, hand wheel; 22, adjusting nut; 23, sodium Lab-Are; 24, Lab-Are transformer; 
25, polarity plug; 26, lamp bracket lock serew; 22, prism hinge. 





Short X 
fig. 3. Pulfrich block arranged for Fig. 4. Field of view 
measurement of liquids. through a telescope 
used to view a Pulfrich 
block. 


If the source of light used emits several wave lengths the extent, of the illuminated 
portion of the field may be limited by introducing a stop between the source and the 
Pulfrich block in order to contract the width of the illuminating beam. Then the field 
of view will be crossed by several bright bands of different colors, each with a very 
sharp boundary on the side vorresponding to the critical angle. 

The telescope provided with the Pulfrich refractometer is mounted in a divided 
circle with a vernier and a calibrated tangent screw fine adjustment, It has a right 
angle prism for deviating the rays emerging from (he Pulfrich block so that the opera- 
tor is placed in a comfortable position. A provision is made for illuminating the cross 
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hairs from the eyepiece Lo permit autocollimation by observing the image of the cross 
hairs reflected from the vertical surface of the block and to permit precise measurement 
of the position of the divided circle relative to the normal to this surface. 

Angular positions of the dividing line between light and dark portions of the field 
are rend from the divided circle. These are entered in tables provided with the in- 
strument for the particular glass block used and values of the refractive index of the 
material to be measured are read off directly or by interpolation. 

The tables usually provide mdex values for a particular angle for the C, D, F, 
and G spectral Hines at 20°C. The D lines are the yellow sodium lines, the C, F, and G 
ure hydrogen lines. If measurements are to be made at other wave lengths the basie 
equation of the Pulfrich is used for calculation. 


ny = ny, — sin’ ae (6) 


Where 2, is the index of the sample, 2, that of the prism and « is the measured angle of 
emergence from the Pultrich block of the ray at the criticalangle. One must, of course, 
use the proper value of x, for the particular wave length used. 

For measurements at temperatures other than 20°C. a correction must be made 
for the variation of refractive index of the Pulfrich block with temperature. This 
variation is of the order of 5 to 12 % 10~ per °C. for the various glasses usually used 
for the blocks. 

For the measurement of solid samples with the Pulfrich, the cylinclrieal cell is 
removed from the top of the block, and the sample to be measured is laid on the hori- 
zontal surface of the block with a thin layer of liquid between the two surfaces. The 
liquid must have an index of refraction somewhat greater than that of the sample and 
less than that of the block, The surface of the sample adjacent to the block must be 
polished and plane, A second surface of the sample, facing the light source, must be 
transparent and at approximately 90° to the contact surface, although it need not be 
plane, It is necessary that the intersection of these two surfaces be sharp and not 
beveled or ground, 

For precise work the plane surface of the sample must be nearly parallel to that 
of the Pulfrich block. This may be determined by observing the interferetice frmges 
formed by reflections between these two surfaces. These may be viewed directly or 
by looking at the exit pupil of the teleseope with a magnifier. One-third of a fringe 
per centimeter across the contact area, when the fringes are perpendicular to the inci- 
deut beam of hght, produces an error of 1 X 1075 in the measured refractive index. 
The sample is moved on the block until the wedge angle is brought within tolerable 
limits. 

The procedure for measuring emergence angles and determining refractive indexes 

is the same for solids as for liquids. 

Abbe Refractometer. The Abbc, using also the principle of the critical angle, 
is designed for convenience and speed of operation. Jt requires only very small 
amounts of the sample to be measured and gives accuracy of the order of +2 * 1074. 
The seale is calibrated directly in terms of refractive index for the D lines at 20°C. 
In its usual form it may be used with sodium light or white light. High precision 
models are usually limited to the use of sodium light, although the manufacturers 
ean supply correction. tables for the C and ¥ lines. 

Tn this instrument, shown schematically in Figure 5, a thin layer of the liquid to 
be measured is held against the hypotenuse of the refracting prism P by the auxiliary 
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prism P', the hypotenuse of which is fmely ground, The auxiliary prism is illumi- 
nated and light scattered at its ground surface impinges on the boundary between the 
liquid and the main prism at various angles. This light enters the refracting prism 
at angles up to the critical angle. Therefore, when the light emerging from the re- 
fracting prism is viewed with a telescope, a divided field is seen, part light aud part 
dark, with a sharp dividing line betaveen the two portions, just as with the Pulfrich, 
The curved seale S, calibratecl in refractive index units js attached to the tele- 
scope. ‘The prisms, ?, P’, are attached to a har, 8, which may be rotated about an 
axis perpendicular to the plane of the sketch, The bar carries a fiducial mark the posi- 





Fig. 5. The Abbe refractometer. 


tion of which against the scale shows the index of refraction of the sample, when the 
dividing line between bright and dark portions of the field of view is made coincident. 
with the intersection of tio cross hairs in the telescope focal plaue. 
The use of white light, which would ordinarily produce a colored [rmge rather 
than a bright-dark boundary between two parts of the field, is made possible hy the 
use of two Amici prisms 4, and A2 to compensate for the relative dispersion of the re- 
-fracting prism and the sample. The Amici prisms are so designed that sodium D 
light is undeviated, whereas longer wave lengths are deviated to one sice and shorter 
to the other. By placing two identical Amici privms in series and rotating one with 
respect to the other, a range of angular separation of long wave lengths from short, 
from zero to twice the separation produced by either prism alone, may he obtained. 
Thus, with two prisms interposed between the refracting prism and the telescope, proper 
orientation of the two prisms compensates for the relative dispersion of the refract- 
ing prism and sample and produces in the telescope a colorless sharp dividing line 
between the bright and dark portions of the field of view. The rotation scale of these 
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Amici prisms is calibrated so one can obtain an approximate value of the dispersion of 
the sample from their relative position, while the reading on the main scale gives 
directly 2p. 

Solid samples may be measured on the Abbe by moving the auxiliary prism out of 
the way and placing the sample against the refracting prism with a contact liquid, as in 
the Pulfrich refractometer. An advantage peculiar to the Abbe is that the refractive 
indéx of opaque samples may be measured in this way, although one must m this case 
be particularly careful to avoid surface films having an index different from that of the 
sample. 

Dipping Refractometer. The dipping refractometer operates on the same 
principle as the Pulfrich and Abbe refractometers. The name derives from the fact 
that the refracting prism is attached rigidly to the objective end of the telescope and is 
dipped into the liquid whose index of refraction is ta be measured. A reading of the 
position of the dividing line between bright and dark portions of the field is taken on a 
scale in the focal plane of the telescope while the prism is immersed in the liquid. 
The scale readings are converted to refractive index values by reference to tables sup- 
plied with the instrument, 

Like the Abbe, the dipping refractometer may be used with white light, although 
the compensation for dispersion is accomplished by rotation of a single Amici prism, 
which gives a somewhat less accurate value for the dispersion. In some special instru- 

ments designed for a narrow index range dispersion, compensation is accomplished by 
a fixed prism. 

The dipping refractometer is very convenient for the measurement of numbers of 
samples which vary but little in refractive index. It gives somewhat greater accuracy 
than the ordinary Abbe, but is not so versatile as either the Abbe or the Pulfrich. 


DEVIATION METHODS 


Methods of measuring refractive index based on Snell’s law are myriad and range 
in accuracy from the most precise spectrometric methods which are capable of meas- 
wring a few wnits in the seventh decimal place, Lo the simple observation of the dis- 
placement of the Image of a scale from its actual position which may give a few units 
in the third decimal. Some of these methods are very cumbersome, some are very 
simple, and some lend themselves readily to automutic recording. Only a few typical 
methods will be discussed here. In all these methods the sample is shaped into a 
wedge or prism (iquids are held in a prism-shaped cell) and the deviation of a ray of 
light on passaye through the prism is measured. 

Spectrometer. A spectrometer consists essentially of a precisely calibrated 
circle, an entrance slit and collimator lens for rendering parallel the light entering the 
slit and a telescope for viewing the sht image. Precision bearings are provided for 
rotating the telescope and circle about an axis through the center of the circle. 
Magnifiers and verniers and eyepiece micrometers for making readings and tangent 
screws for fine adjustments are included in the usual complement (see Spectroscopy). 

In the commonest method, that of mmimum deviation, the spectrometer is used 
first to measure the angle between two surfaces ‘of the prism and second to measure 
the deviation of the collimated beam of light produced by passage through the prism. 


These quantities, the prism angle A and the angular deviation D are related to the in- 
dex of refraction by equation (7). 
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The accuracy with which » may be determined depends only on the accuracy with 
which A and D may be measured. An inexpensive student type spectrometer, meas- 
uring accurately to 1 minute of are will give x to + 0.0002. To attain an accuracy 
of +0,000001 requires measurement of A and D to a few tenths of a second. 

This method is rather laborious to use, but it offers measurements over an un- 
limited range of refractive index and, at its best, it offers the greatest attainable ac- 
curacy, with the possible exception of interferometric methods which are too cumher- 
some to he practical except in very special cases. 

Differential Prism. This method is of particular interest for making large num- 
bers of routine measurements or for continuous process control, A pair of hollow 
prisms of known angles are placed so that a collimated beam passes through one and 
then the other and is then focused on a scale or recording paper. One of the prism 


(7) 
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Fig. 6. Generalized sketch of a system Fig. 7. Schematic diagram of a Rayleigh inter- 
using a liquid-filled prism and a scale. ference refractometer, 


cells is filled with a control liquid which may be solvent, a solution of known con- 
centration, pure liquid, or a known mixture. In the other cell the sample to be meas- 
ured is introduced. If the refractive index of the control is known, then the index 
for the sample is readily calculated from a measurement of the angular deviation pro- 
duced by the pair of liquid prisms. Over a moderate range the deviation is directly 
proportional to the difference in refractive index between the two liquids. The use of 
liquids of known index for calibration of the scale may be used to obviate calculations. 

V-Block. The V-block method is a differential prism method in which the light 
passes through three prisms, the first and third being of glass of known refractive 
index and with carefully measured angles and the second being the unknown which 
may be either solid or liquid. Solids are usually only ground, rather than polished, 
and are placed in optical contact with the polished faces of the first and third prisms 
by means of a liquid of nearly the same index as the unknown sample (7). 

Liquid-Filled Prism Cells. A number of refractometers have been built which 
utilize the deflection of a ray of light on passage through a prism-shaped cell made of 
glass and filled with the liquid whose index is to be determined. Figure 6 shows the 
general arrangement of such devices. The eye at # looks through the cell P at the 
scale § (solid line) and looks to one side of the cell at the same scale (dotted line) or at a 
fiducial mark. knowing the distance from cell to scale and the prism angle one can 
readily calculate the refractive index from a reading of the displacement of the image 
of the scale produced by the prism. 

The accuracy attainable depends on the accuracy of. determining the angular de- 
viation. For example, in the sketch shown, if the distance from prism cell to scale is ° 
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50 em. and one can determine the position of the displaced image of the scale to 
within 3 mm., 2 may be determined to £0.01. By the use of a telescope in front of 
the eye, the sensitivity may readily be increased 10- to 20-fold. This type of arrange- 
ment is also used for very small samples by placing an extremely small prism cell on the 
stage of « microscope and observing the displacement of the image in the eyepiece 
field of the microscope. 


INTERIPEROMETRIC METHODS 

In interferometric measurements of refractive index a beam of light is divided 
inte two parts, one of which follows a path of known refractive index, the other going 
through the material to be measured. The two beams are then recombined in such a 
way that interference fringes are formed. The displacement of the fringes due to the 
medium of unknown index is a measure of the refractive index. Specifically, if NV’ is 
the number of fringes displaced past a fiducial mark, A, the wave leugth of light used 
and d, the length of path in the medium, then n, the refractive index of the medium is 
given by: 


n= ty + NX (8) 
ad 


where no is the refractive index of the medium replaced by the medium of unknown 
index. Since the displacement of fringes is very sensitive to small changes in index 
this method offers great precision. For example, with a 10-cm. path length, wave 
length 5000 A., a shift of one fringe corresponds to an index difference of 5 & 10-8, 
By using suitable methods, fringe shifts can be measured to within 0.01 fringe, giving 
a sensitivity of 5 & 10-* in index. 

Although it is possible to use interferometric methods for solids and liquids, by far 
the greater use is for gases and vapors. The refractive index of gases and vapors 
varies but little from unity und in order to get significant differences among various 
pases great sensitivity is required. Furthermore, the fact that gases can be mtro- 
duced into the optical path gradually and the fact that the fringe shifts are small, 
considerably simplify the interferometric procedure. 

There are two general types of interference refractometers, the Jamin and the 
Rayleigh (3, pp. 80-1). The principles involved are the same in both; they differ 
primarily in the mauner of dividing the light beam and recombining it for interfer- 
ence. Therefore, only one, the Rayleigh type, which is in most general use, will be 
discussed here. 

Figure 7 is a schematic diagram of a Rayleigh tefractometer. Monochromatic 
light is allowed to enter through a slit 8), It is collimated by a lens ZL, and divided 
inte two parts by the rectangular apertures S,, 83. The two beams pass through 
nearly identical cells C\, Ce, one of which contains the sample to be measured, and 
through two nearly identical plane parallel plates P,, Pe held at some angle to each 
other and to the light beams. These two heams are then recombined in the focal 
plane of lens L., to produce interference. : 

In practice, one may slowly introduce the gas to be measured into one of the cells 
and count the number of fringes that. pass a fiducial mark in the field of view. It is 
more convenient, however, to use the compensating plates P; and P.,, which are ro- 
tated about a horizontal axis perpendicular to the paths of the light beams so that the 
change in path due to introduction of the sample gas is just compensated by the 
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change in path due to rotation of the compelsating plates. “Che rotation of the plates 
may be calibrated in terms of fringe shift or directly in terms of index of refraction. 

If the sample cell is filled at a lovation other than in the interferometer, or is sud- 
denly filled, it is not possible to count the fringes or to hold them still with the eom- 
pensators. The fringes must then he labeled in some manner so as to reli the origi- 
nal one to the fiducial mark. This may be done by using ‘Swhite light fringes,’ in 
which case only a few fringes appear and only the central one of these is achromatic. 
Thus, this recognizable fringe may be thitiuly located at the fiducial mark and subse- 
quently returned to it after introduction of the sample. 


PHOTOMETRIC METILODS 


Photometric methods are based on the relation between incident, reflected and 
transmitted intensities as given by Fresnel's equations. The simplified forms, equa- 
tions (4) and (5), are sufficiently accurate for most worl: near normal incidence. The 
values given by these equations differ but little from those of the complete equations at 
angles of incidence and reflection up to 10°. Tt ts difficult, to measure intensities with 
an accuracy of 0.19%, but if this is done, the tides may be determined to £3 x 
10° for an index in the neighborhood of 1.5. This method lends itself well Lo photo- 
electric measurement, in which the scusitivity to changes in intensity is much greater 
than can be achieved visually, Surface films giving recuced or enhanced reflectance 
will, of course, lead to erroneous results. 


POLARIZATION METHODS 


The light reflected from the surface of a transparent medium is completely plane 
polarized at Brewster’s angle. Since this angle is very simply related to the index of 
refraction by equation (3), its measurement leads to a value for the refractive index. 
In principle one can simply illuminate the sample with unpolarized light and find the 
angle at which the reflected light is plane polarized. Tn practice it is simpler and more 
sensitive to use plane polarized light for the ihlimination and to observe some sig- 
nificant effect at the polarizing angle. For example, if the incident light is plane 
polarized with its vibration (electric vector) parallel to the plane of incidence, the re- 
flected intensity is zero at Brewster's angle. 

In one method (5), the vibration of the incident light is held within about 5° of 
the plane of incidence. Under this condition the plane of polarization of the reflected 
light changes rapidly m the vicinity of Brewster's angle. The use of a half-shade 
analyzer (divided field with two halves polarized at right angles to each other) pro- 
vides a sensitive means of Locating Brewster's angle. An aecuracy of +(0.003 im re- 
fractive index for values between 1.5 and 2.37 is achieved (see Polarimetry). 


MICROSCOPIC METHODS 

The index of small quantities of liquid may be measured with a microscope by 
deviation methods as descrityed under “Liquid-filled prism cells.’ The index of liquids 
or solids may be measured by placing a plane parallel sample of known thickness be- - 
tween the objective and its focal plane and measuring the apparent thickness of the 
sample. The refractive index of solids may be measured by the immersion method, 
in which the index of refraction of the immersion fluid is varied witil it matches that of 
the sample at a particular wave length. 

The second method mentioned, that of measuring thickness and apparent thick- 
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ness, is of low accuracy, but is couveitient in some cases. With the sumple of thick- 
ness din place the microscope is focused first on the lower surface, then on the upper, 
the travel of the microscope tube between these two positions being measured and 
called a, the apparent thickness. The index of refraction is equal to the ratto of real 
to apparent thickness: 


n= > (9) 


Immersion Methods. These methods are widely used in petrography and crystal- 
lography. Ordinarily a set of immersion fluids varying in steps of 0.005 in index is used. 
By cutting off part of the illumination from the substage condenser and observing the 
behavior of the shaclows on the sample, or by raising and lowering the microscope and 
observing the bright frmge near the edge of the sample, one can readily determine 
whether the sample is of higher or lower mdex than the immersion fluid (4). With 
practice, one can readily estimate the refractive index to £0.002. When the index of 
the liquid matches that of the sample in the middle of the visible spectrum (yellow to 
green region) the sample will show a reddish border on one side and bluish on the other, 
since the dispersion of the liquid is generally different from that of the solid. 

Yor more precise work, temperature control is required and the set of immersion 
fluids is supplemented by one whose index may be changed by changing the composi- 
tion. An exact match at a particular wave length and temperature may be achieved 
and the liquid then measured on a refractometer at that wave length and temperature. 
By this means the index may be determined to +0.0001. Although it is convenient 
to discuss immersion techniques in this section in microscopic methods, the immersion 
method is by no means limited to microscopic investigations; for example, by simple 
visual inspection one can detect 2 difference between the index of the liquid and that of 
the sample as small as 0.002. 
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Refractories primarily are materials which can withstand high temperatures. Their 
essential function is to serve as structural materials and thus their usefulness depends 
on their ability to maintain their mechanical functions at high temperatures. There 
is no well-defined dividing line of temperature which separates refractories from non- 
refractories, although in the A.S.T.M. classifications (2) of various types of fire-clay 
brick, the lowest temperature for which any lype must meet requirements related to 
thermal stability is 1515°C. (2760°F). 

Chemical Types. While the principal varieties of the common refractories are 
commercially classified as fire clay, siliea, basic, and high alumina, the behavior with 
other materials at high temperatures is sometimes used to make a broad separation 
into three essential chemical types, acid, basic, and neutral, The physical properties 
however, Inay more often determine the specifie commercial application, The acid 
refractories in general use are characterized by a high silica eontent. The basic re- 
fractories contain chiefly magnesia, lime, or other alkaline earths. The neutral re- 
fractories are comprised of a group of materials which are neither strongly acid nor 
strongly basic. No clear distinction of types can be mace tn many instances since the 
refractory and the material entering into reaction are rarely confined to simple two- 
component acid-base systems. 

Some generally accepted examples of this system of classificution arc as follows: 


Acid: silica, fire clay, zircon, zirconia 
Basic: magnesite, dolomite (chrome is sometimes considlered a basic refractory) 
Neutral: high alumina, chrome, carbon, silicon carbide 


The refractories produced in largest volume are made from fire clay, the chief eon- 
stituent of which is the silicate mineral kaolinite, AleO3.25i0..2H,O. Silica refractories 
rank next in production, and these are made generally from ganister rock, a type of 
quartzite, and quartz pebbles, almost pure silica. 

The important group of basic refractories are made principally from dead-burned 
magnesite, chrome ore, or mixtures of these materials. Magnesite consists principally 
of periclase, or crystalline magnesia (MgO), and chrome ore consists of a solid solu- 
tion of several spinels, the most important bemg FeCr.O,s or FeO.Cr,O, and MgAl.O, or 
Mg0O.Al.0;. Dolomite, a natural calcium magnesium carbonate, is an important 
material in the basic group and is used either in the raw form, lightly calcined, or dead- 
burned. Olivine, a magnesium silicate mineral, (Mg,Fe)eSiO., has found use as a 
basic refractory by mixing with dead-burned magnesite. 

High-alumina refractories (50% Al,O; and over) are manufactured from a number 
of different materials, some natural minerals, others obtained by chemical extraction, or 
by electric furnace synthesis. The minerals used are diasporitic clays and bauxite, 
both of which are chiefly hydrates of alumina; atuminum silicates of the sillimanite 
group, with the general formula ALSiO,; or AlO3.S8iQz, of which kyanite is the most 
important; mullite, 3Al,0;.28i02, obtained by caleining any of the sillimanite minerals 
or by synthesis in the electric are furnace; and corundum, Al,Os, obtained from bauxite 
by either chemical extraction followed by high tempcrature calcining, or directly by 
electric furnace fusion, that is, “fused alumina.” 

Zircon (nirconium silicate, ZrSiO, or ZrQ:,8i02), and to a more limited extent 
zirconia (zirconium oxide, ZrO.), have found a place in the industry. Carbon (baked 
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earbon) and graphite (both natural graphite and electrographite), as well as silicon 
carbide, SIC, have become established products. See also such articles as Aluminum 
compounds; Carbides; Carbon; Ceramic industries; Chromium and chroma alloys; 
Clays, ceramic; Magnesium compouns; Silica and silicates, 

There are mn addition a number of other refractory materials which have found 
commercial use, although in more limited volume than those previously mentioned. 
These inchide: silieeous materials such as sandstone and diatomite (g.v.) (kieselguhr) ; 
aluminows materials such as pyrophyliite, a talclike mineral; topaz, an aluminum 
fluosilicate; cumortierite, which contains boron, probably as 8Al:Os.68i02.B.0,. HAO ; 
and such magnesium silicates as tale and soapstone of the general formula 
8MgO.48102. HO. 

Oxides such as beryllia, BeO, and thoria, ThOe, are highly refractory, but are too 
expensive to be utilized except for laboratory or similar small-scale work. 

The carbides (q¢.v.) of tungsten, tantahim, titanium, and boron are some of the most 
highly refractory materials known. Because of the high cost of their procuction, how- 
ever, they have been exploited to date mostly for their hardness as cutting tools anc 
abrasives. The nitrides (q.v.) of titanium, zirconium, thorium, beryllium, tantalum, 
and vanadium also represent 2 group of highly refractory but costly materials, Their 
preparation has been deseribed by Norton (16), and while he indicates some potential 
application in nuclear power production, few uses have been found for them so far. 
See also reference (23a). 

Physical Forms. Refractories are supplied to the trade in several physical forms 
which include brick, finely ground cementing materials, plastics, castables, and 
granular materials in bulk. 

Brick. The principal refractory product is a brick or other preformed shape. 
The most common standard brick size is the rectangular 9 X 445 X 216 in. or 9 X 
4.5 %3in. There are also numerous other standard sizes and shapes to fit all types of 
vonstruction. Reetangular brick of dimensions smaller than the 9 in. standard are 
referred to as splits or soaps. Variations from true rectilinear forms with characteristic 
descriptive names are called wedges, arches, keys, skews, jambs, feather-edges, necks, 
and bung arches. Certain segmental shapes include circle briek, cupola and rotary- 
kiln blorks. There are in addition numerous tile and special shapes for coke ovens, 
rinners, tuyéres, and buruers. Container shapes include muffles, crucibles, saggers, 
and glass pots. Various other forms include stoppers, nozzles, tubes, feeder parts for 
glass tanks, spark plug cores, and highly specialized items of laboratory ware. 

Cementing Materials. Most of the vefractory materials are available as mortars, 
or cements, for laying-up, coating, or patching brickwork. They are supplied either 
dry @vater added when used), or wet in a ready-mixed form, for immediate application. 
They may be air-setting at ordinary temperatures, or heat-setting during furnace 
operations, 

Plastics. Plastic refractories, made from nearly all the common materials, are 
essentially moist unformed brick mixes supplied for forming special shapes and solid 
monolithie (joiutless) furnace sections at the pomt of installation. They are rammed 
into place with comparatively low pressure and fired by the heat of the furnace in 
which they are installed. A special type of plastic refractory is the’ so-called ramming 
mix which requires high pressure o the job. It may differ also in containing a high 
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proportion of aggregate and less bonding agent and moisture. A considerable ton- 
nage of the ramming mixes is packaged dry and the required water is added on the job. 

Castables. These are refractory concretes and the aggregates now comprise prac- 
tically all the common refractory materials. Highly porous refractory aggregates are 
used for insulating castables. A highly aluminous hydraulic setting cement, yielding 
more refractory castables than portland cement is an essential constituent. Cast- 
ables are furnished in a form suitable for either pouring or tamping into forms, as well 
as for gun enplacement by blowing. 

Bulk Products. Such refractories as grain magnesite, dolomite, chrome ore, 
gauister, sand, and fire clay are supplied in various grain sizes to be used in making 
bottoms, banks, and fills of furnaces, as well as for other miscellancous uses. 


Historical Development 


Extensive and widely distributed domestic deposits of fire clay and quartzite 
have made possible the establishment of the refractories industry in the U.S. A 
continuing trend toward elaboration of types has been characteristic. This trend has 
been keyed to the increasing severity of operating conditions in established industries. 
Beneficiation of some of the domestic raw materials as well as importation and syn- 
thesis of other minerals for some of the newer types of refractories have been required. 

Refractories were in early use and manufactured in a small way in this country by 
the New England colonisty to meet the requirements of the infant industries manu- 
facturing such commodities as iron, lime, glass, and stoneware. It was natural first to 
use the native “firestone,” a name given to sandstone and siliceous mica schist. This 
material was simply hewn into appropriately sized blocks and without any preliminary 
firing treatment laid into place to form the furnace. The first successful iron furnace 
was built in 1645 at Saugus, Massachusetts (16), and appears to have used this rock. 
In fact, the use of sandstone is still continued to a limited extent in the steel industry. 

Fire-clay Refractories. New Jerscy, Boston, and Baltimore (16) variously 
claim the distinction of having manufactured in the U.S., on a commercial seale, the 
first refractory brick by firing clay. This occurred toward the end of the 1700’s 
or early 1800’s. Recognizable prototypes of some modern forms of fire-clay reftac- 
tories appeared by 1850, By this time, most of the present large producing centers for 
fire-clay brick east of the Mississippi river had become established. The location of 
these plants was generally influenced by the proximity of the raw material and con- 
suming markets. As industry penetrated the South and population shifts developed 
to the Far West, fire-clay refractories manufacturers became established. Accord- 
ingly, by the close of the 19th century, the pattern of present- day producing centers 
throughout the country had been set. 

Fire-clay refractories have wide adaptability to many operations and originally a 
few simple all-purpose varieties were sufficient. Many specialized types subsequently 
were to be developed displaying an amazing ingenuity with a raw material which has 
been exploited for nearly two hundred years. <A late phase of this development which 
started about 1930 was the production of a super-duty series to which new members 
are still being added. 

Silica Refractories. The advent of silica refractories in the domestic cconomy 
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occurred much later than fire-clay refractories. Their introduction was the direct 
outgrowth of technological demands from industries which required a refractory 
better suited to the purposes than those made from fire clay. Silica refractories, 
for instance, were required for the production of steel in the open-hearth furnace; 
for the manufacture of coke in by-product ovens, instead of bee-hive ovens; for the 
production of glass in large regenerative continuous melting tanks to supersede much 
of the melting in pots and crucibles; and for the increasingly large reverberatory smelt- 
ing furnaces in the copper industry. 

A small volume of silica briek was made from ganister rock as carly as 1884 in 
Pennsylvania (9) for steel industry use and a few years later in Montana for the 
copper-smelting industry. The first plant, however, built for the exclusive manufacture 
of silica brick was started in Mt. Union, Pennsylvania, in 1899. In the interval, 
Pennsylvania has become the chief producing center for this commodity and at present, 
more than half of the total American production originates here. In 1906, plants were 
started in the Chicago district. to supply refractories for the erection of by-product coke 
ovens. In 1909, Alabama began to produce these refractories and by 1924 California 
had entered the field. 

The first production of a silica refractory from quarta pebbles is generally credited 
to several Ohio manufacturers who started in 1880 (9), or possibly a little earlicr, to 
use the Sharon conglomerate. Later, other Ohio plants were established to use this 
material. In very recent years, a demand has arisen in the steel industry for silica 
brick very low in impurities for specific application in open-hearth furnace roofs. 
Quartz pebbles of the type found in the Ohio cleposits are particularly well suited for 
this purpose. Further impetus has been given to a more general use of quartz pebbles 
from other localities. 

The commercial production of the special class of acid refractories comprising 
zircon and zirconia started in 1914 (9). The present major domestic source of the 
raw material is Florida. The extremely high melting point of zirconium oxide early 
suggested its use as a refractory. ‘The irregular thermal expansion, however, was a 
deterrent to its use until about five years ago when a thermally stable form was de- 
veloped by the addition of small percentages of CaO and Mg). The oxide is now pro- 
duced chiefly by the thermal dissociation of the zirconium silicate i in arc furnaces where 
most of the SiO, is volatilized. 

Basic Refractories. The first use and manufacture of basic refractories is associ- 
ated with the introduction in the U.S. of the basic open-hearth steel process in 1886 
(9). Both dead-burned magnesite and chrome ore were used, and while the latter is 
not chemically a basic material in the same sense as dead-burned magnesite, the appli- 
eation of the two materials has always been closely associated. 

Fired magnesite brick were first manufactured in Pennsylvania in 1895 and fired 
chrome brick in 1896. Imported materials were used in each instance, - Austria and 
Greece furnished the first dead-burned magnesite and complete dependence on these 
countries continued until World War I. Then the production of dead-burned mag- 
nesite started from the extensive deposits of magnesite rock at Chewelah, Washington. 
This was subsequently supplemented by dead-burned magnesite first manufactured 
by the sea-water process in California and then on a large scale during World War II 
at Cape May, New Jersey. (See also Vol. 8 p. 610.) Since 1937, the production 
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of this type of dead-burned magnesite has increased until it now constitutes about 
40% (27) of all of the magnesite used in basie brick manufacture. 

Turkish chrome ore was used for the first chrome refractories in the U.S. The 
industry has continued to be entirely dependent upon imported ores since domestic 
sources have never been adequate or suitable. Ores from Greece, South Africa, and 
Turkey met the demands of the industry up to World War I. Cuba then beeame an 
important source of supply. By World War II, the Philippines were contributing 
an appreciable tonnage and, since the war have continued in this role. 

A unique variety of magnesite refractory introduced in 1913 was not fired. The 
refractory grains were merely tamped into open ended steel tubes of appropriate di- 
mensions so that they could be laid up to form the walls of furnaces. When the furnace 
was heated, the irou melted at the hot exposed face and sintered the magnesite grains 
together. 

Tt was not until much later that the idea of an unfired basic refractory was to be 
exploited on a large scale. This involved the use of magnesite mixed with chrome 
ore. By 1928, the large-scale commercial production of chemically bonded (unfired 
see p. 621) magnesite-chrome refractories started (28,29,31), and 1933 saw the unfirec 
counterpart in the form of a chrome-magnesite refractory. A large portion of the 
tonnage of basic refractories now produced is of the unfired variety. Many fired hasic 
refractories, however, are also made from mixtures of magnesite and chrome ore. 

Dolomite, although rarely made into brick in the U.S,, is one of the important 
basic refractories. It may be used raw, calcined, or dead-burned. The dead-burned, 
or double-burned, variety (also known as refractory lime) was first produced as a 
commercial product in Pennsylvania in 1911, although the calemed product had been 
made by various steel companies since the advent of the basic open-hearth process. 
As a bulk product for steel furnace hearth maintenance, dead-burned dolomite has 
assumed a very important place in steel operations. Real impetus was given to the 
establishment of this sizable segment of the industry at the time of World War I 
when supplies of Austrian magnesite were shut off. Improvements in the refractori- 
ness, as well as the chemical and physical stabilization, also took place about this time. 
Ohio produces more of this refractory than all of the other states combined! (See 
also Lime and limestone.) 

Au addition was made to the conventional basic materials in 1933 (9) by the start 
of manufacture of refractories in Pennsylvania from North Carolina olivine, or dunite 
rock. This magnesium silicate mineral required the addition of dead-burned mag- 
nesite to form the maximum amount of the desired mineral form known as forsterite, 
2Mg0.8102. 

Facilities for the commercial manufacture of electrically fused and cast refractory 
mixtures of magnesite and chrome ore were established in 1952 (32), but, combinations 
of these basic materials with other refractory oxides such as alumina were introduced 
somewhat earlier about 1936 (30). 

High-Alumina Refractories. High-alumina refractories are a comparatively late 
development in the industry. Their production represents demands for refractories 
to meet special industrial requirements. They were first used for limers in the hot 
zone of rotary cement kilns, and this has continued to be their chief application. 
Bauxite was tried as the original material in Missouri in 1906 (9). In spite of the 
proved value of the refractory in service, manufacturing difficulties discouraged the 
further use of bauxite until about 1948. oe 


REFRACTORIES 


602 


DOTPUIT WO S80] 














+26 *OWL — — — — — — — — SMOTLL 

+216 082 _ _ —_ —_ _ _ _ _ Byysaag, 

BZIGBIS OF OFT JO OVO WIM papunadioa 7O1g Sf wOT{sodwo/) sermoany 

L749 *QIUZ —_ aovL TL, oovl Ls TO @0 [0 é'0 O°FE moog 

_ — — — —_ —_— — — —_— uogiB{y 

0°S8-0'¢8 DIS —_ _ _ _ Orr £0 ORO S 0°6-0°2 {papuog-Ase]d) apiqivo WOOT 
:sal1oyIeljar peloadg 

“Surpuogd IO}F aul] WIL azIziwenb oy Awur [Bla} eu Ae {aiAy BOITIS) SSBIO "-O00E-008S 

“S[eLIOPBUL TULUINTE-YRIY pue uyory 10 Leys ary aq Aur [elaysur ey SSBT2 "J ,000£-0087 

‘uyoey Jo Avo og 9q Avon [eliapeUL A8yy seu “J.009S 

“Burpuog 10} pasn winsdsS paula ey} wor] surly JO adejuaoied ATG B | {ee "ToOGES 

yy AppUonbaszy ‘Voys- WUT] S aq pruos gad Aq OA} 1919U] BY} JO UOTYISedMED ‘uTTOeY 10 ‘ABs sag ‘ez1GZ078IP 9q Amur perayeM MEY J SBBlO * Fo 0006 

“WIPOBY 10 ‘SBlo ag ‘ay Naniiien pepusdxea ‘ayimayerp aq APU [el1a}eur MEY ssulo “HoO009T 
rypLuqaiy SuryspNsuy 

— LO-FI _ Q-es-0 ee O°I-F TL — £'6-0'6 Z°1-G'T 0 F&-0'TE @31184S10,7 

ve‘ F-£8°€ 0 £6-G OT — 0 6F-0'&E 4°e-£'0 —_ F6-6°8 O°8%-0 ET g°S-'F (pepuog Ayfeoraraya) surosyo-aqsouse Ty 

_ a°I-Z°0 —_ 0 66-0 98 co F-B8'1 — 6'c-F 0 O°s-4°0 a'o-L'€ (parg) aiseude yy 

— 0 08-0 86 —_ 0°2£8-0'°08 Z°1-6°0 — O°ZI-0 OI O'ee-0'°1E 0'8-0°% (porg) oy seus eut-aut01yD) 

al Rte” 0 GE-0 SZ —_ 0°SE-0 G6 ) T-90RTy, _— O°eI-0'0L 0'S%-0 AL g°c-o'°? (papuog Sypeatuays) apisaudeur-suomy) 

_— O° ZEA) Fe _— Q°1é-0°9L ¥0-<c'0 _ O°Ef-0°SL 008-0 °4L 0°2-0'S (par) ame 
rqoNq ose 

—_ —_ co-£ 0 £°O-T 0 F-O-TO ¢°1-£°0 20-20 0 9° 99-0°%9 O°SE-0 SE (@yTM-ayraeeayEs) OTE 2509 

—_ —_ & 1-86 9°0-8°0 9°0-£°0 FE-2S 9° I-60 O° TS-0 47 O° LF-0 8h OTN 0S 

— — ‘T-8°0 FO-£°O ¢°0-z'0 #Z-0'% 9°1-8°0 aie-2°82 998-886 COTY aUyTBISA9 WIN) OFIY %O9 

_ —_— a I-F 1 £°O-£°0 £O-e"0 S°E-8°e FG-L'T F°00-9°8¢ 0° LE-0 "GE "Quy %09 

—_ _ OTe £°O-1°0 &=°0-T'O L°§-6'6G Q-e-8°T O°TL-0°89 0°9%-0° TE "OHV 202 

—_ —_ SI-Ok eo-b' £°O-1'9 8 F-OE Vane O°SR-O'°RL Q°ST-O" at "OHV 08 

—_ _ £°0-e°0 6°0-3°0 £°0-2°0 L°0-2°0 $°0-€°0 606-8788 ZAG EL SONY 2506 

_ — TO TO T'0 _ eo O° 6b ae SOV M66 
syqauq SUL [O-paTY 

—_ —_ fe 0-200 _ €'e-O's 1'0-70'0 L070 6°1-9'0 @°96-6°F6 yeuonMeAUa,) 

— —_ 90°0-£0'0 —_ O°8-8'e 96 °0-€0 0 90-80 Fade 0 ¥ 26-F 96 Aquperadng 
PHAN Bali 

_ _ I'I-8'6 0-60 €'0-1'0 e'1-0'T P'1-6'0 1g-61 82-29 (ad&y enoaoris) Ayn p-qaryT 

—_ — 6° EBL 9°0-F°O 9°0-€'0 Q°z-0'T PE-E SE FE-LS 69-€¢ Ayp-Ko'T 

_ —_ L°8-0'T 9°0-"°0 F'0-<'6 6 I-g't B'e-2'T NE-LG 0L-99 Aqnp-e7BIposa7yo] 

— —_ 9E-o 7 g6-9°0 e°0-8'0 0°£-0°6 S°e-9'T OF-£E ae-1¢ Aqnp-qarey 

_ _ #0°0 Ge'o Or'0 0°S-0'T Ze 1-£°0 OF-FP ee-O¢ (als ayjouy) Aynp-sadug 

— —_ ri-s a ¢'0-2°0 2°0-32'0 Cele 8° e-F'1 gF-OF Fe-1g¢ (sad A} aly B2}x0 pus peulioN} Aqnp-sJadag 
tyoug Agp-a1y 

TIO 89 7D Oo OFT O8,) FOWL "OFA ‘OLY "O'S THHOPeTT 
PUT AUN 7 








(que Jeg Up) 
‘Sellopeyoy Jo UoNsoduioD PONE “] PTAVL 


603 


REFRACTORIES 


anpold | pazyiquig,, 5 

“WAN{ BG? QiM L[CBslapIsues sane A y 

TcSEO] FR WVIS AVUE VONYpPIeO ‘on wuadi1a} UNTpISaduOVvaG, g 
‘TeSOTS Moqe swag y 
"BALUMOMIBIJAL BaYIG az 
“AMYRQOPSI TOP ALY l 

2429 TUUIN]S) papuaq-Avly y 
‘Apo aaij-aiod AT[PNWA BUY 


“PoTHOG PAOR saucpqus araydsourye AuLupal V UT IN saZIpIKg 2 





ye puy yO} X OF "D.00e 


“UAQVUBA APLA MOTIR BBP alqupleay 


sad 44 SNOLIBA IGA00 OF SRORY 

"240g Ayso10d ‘euunye %¢4 Wetrq s1odsviq 
‘AUlO UP pepuog suruid euoedsurp Jo pasodtuoa Ss! aodsvip [eszauwe) 
Wo BGK" AA0Y4” a] NYdeI3 07 $710.4. U00 ATT UNpTAs aIoYdsoulje Zalwnpar UI yny sezcpixQ 
"IOUTA JayEa jo aquaseid sy} Ul 7 OZONE AOS aTIZeTO 4 
*25¢Q JO 4a} WOd BULIONTS YALA YoU 


01 X & D-000T 
‘MMypBA WeITY 


“ 


fey swpn & 


“RUINS %466 

















Uc086L 
AeG2FT Aofaq Way se 20 & sO —02),0°1E sar'0 oe I’o-¢'e cbRF IQAZ “BlMOIITZ 
Ce0008) “Oo 08ET Cel’ 
“AM8} UOQTIOSSTp OF FN YS co FL £701 6°61 -06) 8 -18) Z&T'0 gs LF CELE WISTOIZ UNINZ 
CDe00FL ‘xordde “xoidde 
ql XS eo mOL xX ¢ aOl X 19 —02) £°6 g0°0 9 62°76 GEvE 7OULL “HOUT 
oon F OOO TE 000' GFL —_ Ot 9° OL ¥'¢ Lv @ep-9 Fee ooke FOISs"O*yTyY ‘sHuTNIS | 
o FOI 
ogg! L aoe’ s oo0' TT C'S OF CS eu abso 276 Te e-Lt' DEBE DIS ‘@plqies dosTpg 
CAs00FL) (100001) CH o0L86) (Oc008T 
— 40L X BB sOT X = 2 aL —_ _— #20 -08) FET'O Z CE nOTLE (eB) snoaryia ‘wong 
(Do 08 
uw O0G* 6 2000" 9E wOG0' DFE w¥F FL uO EL ull 6 ~08) wOF eee 0 Z eos (6118 (e1ienb) Batis 
Clo 000) sxorddy 
yO0O'T Pop yQUE* TT 000‘ 08 16°81 1a FL 9° OT eg 8E6e'0 erg 9L°§ 96EE FOS "ONT E “OITOIT 
COo088T 'O71¥ OF 
—_ BLA ysty Aa, SFT eer @ El —06) 0'6 L¢6'0 8 ye SLBE ‘yaurds BINeuseyy 
CD oP0FI COo00et 
aoe ‘OT cOl X OE gOL X 0°0% fi GG O16 —d@) €°F1 -O8) 28670 og oF GL0E OFpy BiIsougeyy 
F8000 9 62000 °0 92000 °0 aac goy o0£ er te"0 od Cos t anyqdany 
C2.001 
—_ —_ — L°6 9° OT eit ¢Or —02) 22°0 4-9 als FSFE FOIS OFS ‘3if41a}s10 7 
“xordde “xolddu “xoiddn *xoldde ‘xoiddn *xo1dde COc000T 
000'T 00d 'F O08‘ 8s 6°01 T'6 AE 00%) yl 998° 0-aSe°0 _ Leo6G —_ Boop IUIJOI AVI-IIT] 
“xoidde ("OoO90T (felsazoUrL 231) G9 
—_ —_ —_ _ O°ST —_ OFT —0¢} 66 °0 QF 66°-8's aA00Y peutopes ‘sannepocy 
xoiddt 
OgEe O¢o'T 00g‘ OT 50°OT a6 OL ritee g7u e209 i-¢°9 Fe O99€ (eypodselp) , s10dseiq, 
OF ost ofo Set 474i 9°6T 0-8 co 0 gre OE 9c6E 210 AUDITS 
OD % 06 ‘apart 
_— £0£00'°0 £0€00°0 6I te LG OF £6°0 9-F Ole BOWLING JS¥Iq “Woqley 
C0 06TS) COo00FT prordde 
wOL XG OI X €'E stO1 X F 0° FOT —_— —_ —98) 86 66°0 6 £0°§ Oger Ord “eiEtieg 
COo088T (.0008T 
a0LE 2000‘ Fe 2000’ OFT qo 91 90° 8L quae -08) I's -08) 046°0 6 OF aagg tory “BUIUINTY 
“To 008E "H.0006 “Ho O0ST “To00%G “HoO09T “FTo000T OL X (0000T—-02) (a[eas Edgy “To Tera BT¢ 
CD0000T-02) yoo ds SOW) SOIT 
*a19/(*w9"BS) (TAO) CULT.) CUD CHS) fey g worsuzdxa uma yy skoupse A 
pAPIAVSISAI], BOIS ‘AJIAYONPUOT, BUTIST.Y, Tem13qy 
STQISIVAaL 
utayy 





“s]eloze 10} BIOY Jo sornzed01g “[T WIaA¥L 


604 REFRACTORIES 


A manufacturer in Ohio in 1908 was successful in adapting Missouri diaspore 
clay for use in high-alumina brick, and by 1923 or 1924, brick from diaspore and burley, 
a diaspore bearing clay of lower AlO; content than diaspore itself, were in commercial 
production in several places in the U.S. Diaspore was to continue its place for many 
years as the chief raw material for this type of refractory. 

Since about 1948, the gradual depletion of the Missouri diaspore deposits again 
interested manufacturers of high-alumina brick in the use of bauxite. Technological 
skill has advanced sufficiently to permit making refractories directly from this material. 
Bayer alumina, from bauxite, calcined at very high temperatures to corundum, 
is also being used to a limited extent either as the chief constituent or sometimes merely 
as an additive. 

Eleetric-furnace alumina from bauxite appears to have been first made in 1910 
by a Massachusetts manufacturer for fabricating small laboratory ware (9). Later 
it was used to make brick and shapes for large commercial applications. 

Interest in the development of mullite refractories was first evidenced in the im- 
mediate period at the close of World War I. These products have special historical 
significance in heing the firs type of refractories resulting from the application of 
scientific data based on phase-equilibrium studies from the Geophysical Laboratory 
in Washington. Phase-equilibrium studies had shown that mullite, 3Al2,03.2810., 
(first thought to be the mineral sillimanite, Al,O,.8i02) was the stable compound in the 
system AlO,-SiO, at higher temperatures. This subsequently aroused interest in 
potential sources of the mineral either by simple high-temperature calcination of the 
sillimanite group of minerals or by synthesis. 

A Detroit spark plig manufacturer was making synthetic mullite (then called 
sillimanite) by heating together kaolin and alumina as early as 1919. By 1922 a 
considerable tonnage of mullite was made by thermal dissociation from domestic 
andatusite (Al,0;.8102) and similarly in 1925 from domestic dumortierite. Furnace 
refractories as well as spark plugs were made from this mullite. A Califomia concern 
is credited with the first’ commercial production in 1920 of mullite from domestic 
kyanile, AleO3.S8i02, mined in the West (9). 

The manufacture of mullite refractories by calcination of the massive Indian ky- 
anites was first started on a commercial scale by a Cincinnati, Ohio Company in 1926. 
India continued to supply most of the kyanite for brickmaking up to World War IT 
when domestic topaz was temporarily substituted. Political and commercial factors 
in recent years have so adversely affected supplies that considerable importation has 
taken place from Kenya in British East Africa and from South Africa. About the 
time of World War H, the production of kyanite concentrates started from the deposits 
in the southeastern states of Georgia, Virginia, and North Carolina. The concen- 

_ trates have found most uses in mortars and other types of ground refractory materials. 

In 1928 a Kentucky manufacturer initiated the production of a synthetic refrac- 
tory of a mullite-corundum composition to meet the need for a lining for the bottoms 
of glass tanks (9). A distiact novelty in this process is the casting of the melt from an 
electric arc furnace directly into shapes, not unlike the manufacture of iron castings. 
The process has since been extended to other high-alumina mixtures, the glass industry 
being the largest user. 

Carbon and Silicon Carbide Refractories. Of the carbon-containing group of 
refractories, natural graphite found use in mixtures with clay in the form of crucibles 
for metal melting quite early. An appreciable volume of graphite refractories, in- 
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eluding other finished forms, is still made. Ceylon and Madagascar are the chief 
sources of the material. Refractory carbon brick were produced in limited quantity 
in 1892 or 1893 (26) but large-scale commercial production in the U.S. (both baked 
carbon and clectrographite) started only about 1940, chiefly for blast-furnace use. 
Coke from various domestic sources is the chief raw material. See Carbon. 

Silicon carbide, although generally thought of chiefly as an abrasive, was manu- 
factured into refractories as carly as 1897 (9). It is usec! not only in the form of brick 
and shapes, but also in crucibles and in mortars. (See also Vol, 2, p. 864.) 


Properties and Behavior 


Refractory brick and shapes are mest frequently compounded frum several raw 
materials designed to control the refractoriness and other physical properties and be- 
havior, The chemical composition is thus influeneed by the proportions of the raw 
materials, as well as their relative availability in different producing centers. Except 
in a very few instances, the compositions are nol, critical and even for well-defined 
types of refractories, the components may vary over a range of several per cent. 
These are illustrated in Table I, the data for which are taken from reference (21). 

Table II gives a compilation (20) of the physical anc thermal properties of recog- 
nized materials. 

An understanding of the comparative behavior of refractories is helpful in their 
selection for use in the presence of numerous destructive forces encountered in high- 
temperature processes. The behavior or resistance to these forces can be determined 
to a degree from standard and special laboratory tests, but these frequently must he 
correlated with service observations. 

Generally speaking, chemical attack, slagging or melting can completely destroy 
a yrefractory material. Applicd compressive and tensile stresses and stress induced by 
permanent volume changes in the refractory mass at elevated temperature, thermal 
and mechanical shock, and abrasion can destroy the physical stability of a refractory 
structure. The specific heat and thermal conductivity are of course of great impor- 
tance. In some applications a low heat conductivity is required, as the refractory is to 
act partly as the insulator. In others such as muffle walls and recupcrative tubes, 
high heat conductivity is desirable. In the checkers of regenerative systems a high 
heat capacity is desirable. The performance of refractories is influenced by their 
composition, by mechanical processing variables, and to a high degree by the thermal 
treatment, received during manufacturing and subsequent use. 


PHASE EQUILIBRIUM DATA 


Certain behavior characteristics of both chemical and physical nature can be 
anticipated from the phase equilibrium data of refractory oxide systems. Few re- 
fractories as a result of the thermal treatment received in manufacture are in a state of 
complete chemical equilibrium. This may, however, proceed in some cases at an ac- 
celerated rate when the refractory is later exposed to high service temperatures. 
Although refractories generally contain a number of oxides, most manufactured prod- 
ucts may be regarded more simply as two- or three-oxide-component systems. During 
use, they may encounter other reactive materials in the form of slags, vapors, or furnace 
charges which complicate the physical chemical reactions. 

The crystal—liquid relationships in these systems are of special importance in 
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understanding the ability of the refractory to maintain its identity when heated, or its 
stability when stressed. Particularly the viscosity of the liquicl phase and the degree 
of solubility in the liquid phase of the ervstalline components of the system are in- 
fluences which cannot he neglected. The accompanying phase equilibrium diagrams 
represent typical refractory oxide systems heated in air (12). (Temperatures are 
in °C., compositions in weight per cent unless noted.) 

Tn the study of refractories, the phascs found are ti many cases the same as natu- 
rally oceurring mineral species, and are often referred to as minerals, whether they cecur 
in nature or not. Formulas of the Berzelian type, expressed as oxides, are often used 
since they are very ecouvenient for expressing composition rather than structure. 

Fire-clay and High-Alumina Refractories. "The essential oxides of both fire clay 
and high alumina refractories ave ALO, and SiO. The equilibrium diagram for this 
system is shown in Figure 1. Points A and 1D indicate the melting points of the two 
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Fig. 1. System AlLO,-SiO, (6). (The eutectic temperature at point B 
has heen revised to 1595°C. as a result of later work.) 


essential oxides at 1723 and 2050°C. In fired refractories, at or near these points, 
silica is in the form of cristobalite and alumina is in the form of corundum. Point B 
indicates the melting point of the eutectic composition in this system at 1545°C, 
Point C locates the temperature of 1810°C. at which mullite, the only compound in the 
system, melts incongruently to form corundum and a liquid. This point also shows 
the composition of the liquid. Points 1 to 6 represent several commercial refractory 
material compositions in order as follows: Niliceous fire clay, kaolin (dehydrated), 
the sillimanite mimerals (andalusite, kyanite, and sillimanite), mullite, diaspore, and 
bauxite (both dehydrated). Even though fire-clay refractories, which are predomi- 
nantly kaolin, may contain an appreciable proportion of siliceous liquid at elevated 
working temperatures, they are good refractories hecause the liquid is so viscous. 
Refractories mn this system vontaining enough alumina to be near or above mullite in 
vomposition are mostly erystalline at furnace temperatures and thus perform as super 
refractories, 

Silica Refractories. In silica brick, there are two oxides of interest, SiO. and 
CaO, Because of the overwhelming predominance of silica as a separate phase the 
thermal behavior of the refractory is influenced to a major degree by the performance 
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of the several polymorphous crystalline forms of different, temperature stability. 
These are illustrated in Figure 2. 

The quartz from which all silica refractories are made is converted during the 
firing treatment to a mixture of the high temperature stable forms known as cristobal- 
ite and tridymite, the former predominating (see also Silica). About 2% of CaO is 
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Fig. 2. Vapor pressure (stability) relations of the silica minerals (10,11) 
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Fig. 3. Thermal expansion of silica minerals (14). 


added to silica brick mixes as a “‘mineralizer’’ to hasten the formation of cristobalite 
and tridymite, as well as to form a bond during firing. Cristobalite when heated to 
about 230°C. inverts suddenly from its low- to its high-temperature crystalline form 
with a large volume increase. The reverse occurs on cooling. ‘This characteristic 
weakness is recognized and silica refractories are generally heated and cooled slowly 
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in this temperature range. Figure 3 illustrates the thermal expansion of these silica 
minerals. 

It is standard practice to use silica brick for furnace roofs because of their ability 
to withstand compressive loads almost to their temperature of complete melting close 
to 1700°C’. This rigidity is due to the interlocking of the crystalline siliea and the fact: 
that the amount of liquid (actually two immiscible liquids) formed is comparatively 
small and quite viscous. The presence of even small percentages of alumina and alka- 
lies wipes ont the immiscibility, and thus reduces the refractory properties; further, 
these compounds form lower melting eutectics than SiO, and CaO do alone. For 


~~ 





40 


Fig. 4. System MgO-IeO-Fe,0,; in air at one atmosphere (23). (Upper dia- 
gram, compositions expressed in weight per cent; lower diagram, abscissas repre- 
sent compositions that would be obtained after oxidizing all of the iron to ferric 
condition; system has two solid solution fields, 4 and B.) 


this reason, berieficiation of the quartzites is practiced to lower the alumina and alka- 
lies when silica brick are to be used at very high temperatures. 

Basic Refractories. Two of the chief basic refractory materials, dead-burned 
magnesite and dead-bumed dolomite, have certain similarities in their mineralogical 
make-up. Both consist chiefly of a very refractory phase of primary crystals which 
is held in a more fusible matrix originating in the accessory oxides occurring either 
naturally or added before dead-burning. The primary crystals may be simply mag- 
nesia or both magnesia and lime. The accessory oxides include silica, ferric oxide, 
aud alumina. The resulting complex five-component system CaQ-Mg0-Si0,- 
AlbO;-FeOs has received little study, but equilibrium data on a number of related 
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tavo-component and three-component systems have yielded information leading to an 
understanding of some of the more important reactions which take place. 
Magnesite. The essential oxide present is Mg). As the mineral periclase, it 
comprises the major refractory phase. The iron oxide normally present in dead- 
burned magnesite is in solid solution with the periclase in the form of the very re- 
fractory spinel MgO.Fe.Q;. This melts incongruently at 1765°C.  ‘Vhe relation of the 
MgO and Fe,O; in the more refractory phase is shown in the equilibrium diagram for 
the system (see Fig. 4). Since the spinel composition consists of MgO and FeO, in 
the weight ratio of 1:4, it is evident that the perielase can absorb considerable Peal) 
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Fig. 5. System CaO~MgO-SiO, (18). 


without seriously affecting the refractoriness. The role of the small percentage of 
alumina is not fully understood and depends upon whether it enters into solid solution 
with the periclase in the form of the refractory spinel, MgO.AbOs, or inte the less 
refractory silicate matrix. 
The behavior of the matrix is affected in large part by the proportions of its chief 
constituents CaQ, MgO, and SiQ., as shown in the three-component system CaQ- 
MgO-SiO, in Figure 5. Since lime is more reactive with silica than magnesia, the 
ratios of these first two oxides are of interest in anticipating the melting likely to occur, 
Tf the molecular ratio of CaO to SiQs, for instance, is less than 1 in the matrix, the crys- 
tals which form will be forsterite, 2Mg0.SiOs, which melts at 1890°C. and monticellite, 
Ca0.MgO.SiOz, which melts incongruently at 1499°C.; if the ratio increases to 1, 
the crystals will be monticellite; if the ratio is 1.5, the crystals will be merwinite, 
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3CaO.MgO.28i02, which melts Incougruently al 1577°C.; and finally if the ratio in- 
creases to 2, the erystals will be dicaleium silicate, 2CaQ.SiOe, which melts at 2180°C. 
In the proportions of CaO and SiO, found in the usual dead-burned magnesite, forsterite 
and monticellite are more generally noted, merwinite only occasionally, and dical- 
cium. silicate very rarely. 

The refractoriness of the matrix cannot be anticipated from the equilibrium data 
without knowing the proportions of the erystalline phases and the eutectic composi- 
tions present. A fairly close approximation is obtained in commercial brick by heating 
under a load of 25 p.s.i, (A.8.T.M. C16-49), and observing the temperature of shear (3). 
Magnesite brick, to be used at very high temperatures, are not subjected to excessive 
compressive loads. The pyroplustic character of the silicate phase is an advantage, 
however, in forming a dense material for furnace bottoms from magnesite grains. 

Dolomite. The essential oxides in this product are CaO and MgO. The base of 
Figure 5 depicts the two-component system CaO-MgO and illustrates the highly re- 
fractory character of all mixtures of these oxides. The eutectic temperature of 2300°C. 
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Fig. 6. System CaO-Fe.O, not a true binary system because of FeO (24), 


is well in excess of any practical operating temperature. Iron oxide is added before 
dead-burning as a ‘“mineralizer” and a bonding agent. Most of the iron oxide unites 
with lime to form fusible dicalcin ferrite (ferrate (IIT), 2CaQ.Fe:O3, which is the 
chief matrix material. Part of the iron oxides goes into solid solution with the peri- 
clase, just as in the case of the dead-burued magnesite, and to a more limited extent 
with the lime crystals. The small percentage of alumina preseut is found in solid 
solution in the ferrite matrix as tetracalctum ahuninoferrite. 

Figure 6, which is the equilibriam diagram for the system CaQ—Fe,Qs, serves to 
illustrate the lower refractoriness of the chief component. of the matrix, The per- 
centage of silica is kept low in most of the present-day dead-burned dolomite to in- 
erease its refractoriness and physical stability (1,10). Since the molecular ratio of CaO 
in the matrix is likely to be greater than that of SiQe, dicalcium and tricalcium silicates 
form and are present as discrete crystals or in small amounts in the ferrite matrix. 
Dicalcium silicate may exhibit a large volume expansion of about 10% during the spon- 
taneous iiversion of the beta to gamma form at 675°C. which is accompanied by “dust- 
ing.” This has been overcome in part by the reduction in silica content or by the ad- 


dition of small percentages of BOs, P205, or CreQ3 which act as stabilizers and prevent 
the inversion. 
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Chrome. Chrome ore contains two phases of interest, a highly refractory spinel 
combination comprising from 74-95% of the mass and a lesser refractory matrix con- 
sisting largely of hydrated magnesium silicates of which serpentine and tale are 
examples. 

The spinels shown below have been suggested as likely to be present in the spinel 
combination: aluminates, FeO.ALOs; (hereynite) and MgO ALO; (spinel): chromites, 
FeO.CrsO, (chromite) and MgO.CrO; (picrochromite); and ferrites, FeO. FeO, 
(magnetite) and MgO.FegQs (nagnesioferrite). It seems more likely, however, that 
the magnesium spinel and chromite are dominant in the refractory chrome ores used 
inthe U.S. The proportions vary as indicated by comparisons of the chemical analyses 
of the Cuban and Philippine ores versus the African ores. The former contain about 
32-36% CrOs and 28-309 ALOs, and therefore suggests a higher ratio of magnesium 
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Fig. 7. System MgO-SiO, (5,10). 


spinel to chromite. The African ores, on the other hand, contain about 46-50% 
CreQq and only about 12-14 AlOs, and therefore suggest a higher ratio of chromite. 

The spinel combination is distinguished by high thermal stability. It has no 
polymorphous forms such as those of silica with their volume changes on inversion, 
and it does not exhibit significant crystal regrowth with shrinkage except slowly at 
about 1600°C. It is characteristic of the spinels to form solid solutions with each 
other with varying degrees of ease. Solid solutions, particularly of the chromites 
with the ferrites, form readily and are accompanied by volume expansions which are 
large enough to be significant in the use of chrome brick at temperatures near 1600°C. 
m the presence of molten magnetite. 

Dead-burned magnesite is an additive to many chrome brick mixtures and Figure 
7, the equilibrium diagram for the system MgO-SiOs, illustrates the increase in re- 
fractoriness gained by the addition of MgO to the matrix materials. By enriching 
the metasilicates with MgO they are converted on heating to the highly stable and 
refractory orthosilivate mineral forsterite, 2MgO.SiO:, which has a melting point of 
1890°C. (compared to clinoenstatite, MgO.SiO,, which melts incongruently at 
1557°C., and forms with SiO: a eutectic melting at 1543°C.). Figure 7 shows that a 
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comparatively small addition of MgO is sufficient for the transformation of the meta- 
silicate composition to the orthasilicate. 

Forsterite. The mineral olivine from which forsterite refractories are made 
consists of a major refractory phase comprised of solid solution of the two ortho- 
silicates forsterite and fayalite, 2F¢O.SiO., and a lesser refractory matrix material 
with a composition very much like that in chrome ore. Dead-burned magnesite is 
also an additive to refractory mixes of this type, and it acts in a manner analogous to 
that in chrome ore. 


CHEMICAL ATTACK 


The most important factors which are likely to cause corrosion of refractories are 
the furnace burden; the slags, vapors, and dusts arising in use; the fuels used; and 
the oxidizing or reducing character of the furnace atmosphere. Many of the corrosive 
niaterials are alkaline (basic). However, the economic use of acidic fire-clay and silica 
refractories may be feasible if operating temperatures are too low to cause reaction, or 
if the acid refractories have physical propertics whose usefulness outweighs a certain 
amount of loss due to chemical attack. 

Most of the metallic oxides and slags encountered in the refinmg of metals are 
basic in character and strongly attack acidic refractories at high temperatures. Where 
basic oxides are encountered, magnesia refractories offer the best resistauce to chemical 
attack. For practical reasons the magnesia may be combined with chromite to 
obtain better physical properties and still retain the desired chemical resistance to 
basic oxides. Chrome magnesite refractories may encounter magnetite (Fe;04) In 
open-hearth steel furnaces which reacts with chromite causing swelling and bursting 
at the exposed surfaces. This is offset by making refractory brick for such uses from 
mixtures of coarse chrome ore grains surrounded with fine magnesite particles. The 
magnesite, because of its high absorptive ability for iron oxide, acts as a buffer and 
retards the reaction throughout most; of the useful life of the refractory. 

The oxides of copper and lead are highly basic and in operations where these oxides 
are present in appreciable concentrations basic brick offer the best resistance to attack, 
Some lead furnaces operate at rather low temperatures and thus permit the use of 
high alumina refractories. 

In the processing of lime and magnesia compounds, temperature is again one of 
the criteria affecting the choice of refractory to be used from the standpoint of chemical 
attack, Lime kilns, for example, operate at temperatures generally too low even in the 
hottest zone to cause reaction with acid refractorics. For more severe temperature 
conditions high alumina brick are practicable. Much higher temperatures, however, 
prevail in the firing zone of rotary kilns for manufacturing portland cement, dead- 
burned magnesite, and dead-burned dolomite. In portland cement kilns, high- 
‘alumina brick are frequently satisfactory, but considerable use is made of basic brick, 
Dead-burning kilns which operate at even higher temperatures in the hot zones than 
portland cement kilns usually require basic brick linings. 

The alkalies Na,O and K,0 readily attack silicedus refractories at moderate 
temperatures forming very fluid melts. Sueh melts aré often of such low viscosity 
that they flow readily down the face of the brickwork causing physical erosion. Part 
of the ‘‘carry-over” into the regenerative system of glass tanks consists of soda salts 
from the glassmaking batch. When temperatures are abnormally high, the upper 
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courses of the fire-clay checkers, as well as the port, sidewalls and crowns, can be ad- 
vantageously replaced with basic brick, 

Where soda ash in the form of black liquor or black ash in the pulp and paper 
industry is being processed in smelting furnaces, the best resistance to chemical attack 
in the smelting zone is gained by the use of chrome refractories. Chromite is subject 
to attack by sodium salts but only under oxidizing conditions, Reducing conditions 
are more prevalent in these operations because of the combustion of the organic matter 
present. 

A solid-state reaction may take place between fire-clay or high-alumina. refrac- 
tories and the alkaline inaterials encountered in glass furnaces, hot blast stoves, open- 
hearth furnaces, and some boiler furnaces. This reaction involves the formation 
of nephelite and/or kaliophilite, sodium: or potassium aluminum silicate minerals, 
respectively, which because of their much higher coefficient of thermal expansion tend 
to peel or slab off the exposed surfaces of the refractory. 

A corrosive acid reaction is sometimes encountered with the alunina of fire-clay 
brick in digesters and accumulators in the paper industry and in multiple-hearth fur- 
naces roasting sulfide ores. This reaction evidences itself by swelling or disintegration 
of the refractory due to crystallization of the aluminum sulfate salt formed. The 
economy of fire-clay brick in such installation is realized by making the brick very 
dense and strong to resist the acid penetration and the expansive forces set up as a 
result of crystallization of the salt. 

Chemical attack due to gaseous environment is not encountered as frequently as 
with solids or molten liquids. The effects of some gases, however, are quite impor- 
tant. The disintegration by carbon monoxide of fire-clay brick containing uncom- 
bined iron oxide is typical. The reaction is attributed to the catalytic effect of the 
iron oxide on the dissociation of carbon monoxide at about 500°C, Carbon is de- 
posited around the iron oxide nuclei and the expausive forces may build up sufficiently 
to shatter the brick thoroughly. Partially cracked natural gas may have a similar 
effect. 

Chrome refractories, in which the spinel is high in FeO, crack and become friable 
when the oxide is reduced to FeO by carbon monoxide, In the chrome ores normally 
used in refractories manufacture in the U.S., the iron oxide content is generally too 
low to cause this trouble. 

In some furnace operations, carbon is deposited on refractories and subsequently 
burned off. This can create localized reducing conditions and high temperatures. 
Under these conditions it has been observed that silica is reduced and volatilized, 

Oxidizing atmospheres enhance the stability of most refractories since the constitu- 
ents are normally in a fully oxidized form. Silicon carbide brick, however, may be 
oxidized creating some free silica which makes the brick more susceptible to certain 
fluxes, or reduces their strength. Carbon brick, of course, must be protected from 
ally oxidizing atmosphere. Because of their high lime content, dolomite refractories 
will slake in moist atmospheres. Dead-burned magnesite is much more stable, and 
hydration is only encountered after prolonged exposure to warm, moist air, 

Various refractories in contact with chlorine gas at about 950°C. for protracted 
periods will suffer a reduction in strength due to the formation of volatile chlorides. 
This action is most severe with magnesite and chrome refractories, intermediate with 
silica and fire-clay refractories, aud quite low with high-alumina refractories (19). 

' Aside from composition, certain physical properties of all refractories are in- 
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fluential to some extent in controlling the rate of chemical attack. Thus brick of 
low open-pore content, or more specifically of low permeability, resist entry of corrosive 
liquids and gases. Insulating refractories, because of their high porosity, are accord- 
ingly never used in contact with molten slags. 

Because chemical attack can be so varied in character no standard laboratory 
test has been established to date to cover all situations. 


MELTING 

The pure refractory oxides referred to in the phase equilibrium diagrams have 
true melting points. Most commercial refractories, on the other hand, when heated 
gradually soften over a range of temperature. This is especially characteristic of 
fire clay and high-alumina brick because of the formation of glass of high viscosity 
from the siliccous eutectic composition. Silica brick, being chiefly pure crystalline 
silica, tend to melt more sharply. The softening of basic refractories, which consist 
mostly of oxides or spinels of very high refractoriness, is influenced chiefly by the re- 
fractoriness of the magnesium and caleinm silicate matrix materials, 

The softening behavior is commonly determined by means of the standard PCE 
(pyrometric cone equivalent) test. (See p. 627 and Vol. 3, pp. 589, 590.) These 
temperature equivalents and the accompanying PCE values of various refractories 
are given in Table III, the data for which are taken fron: reference (21). 

The maximum service teniperatures recommended for fire-clay brick are geuer- 
ally somewhat lower than the PCE temperature equivalents. Ladle brick are an 
exception and they are normally exposed to temperatures several hundred degrees 
higher than the PCE temperature to take advantuge of the softening of the brick. 
silica brick are used at temperatures very close to the PCE temperature. 

The PCE test is used to check the wiiformity of composition of both the raw and 
finished nuterials in the manufacture of refractories and to classify fire-clay refrac- 
tories by the A.S.T.M. methods. It is also used on occasion to determine if the soften- 
ing observed in service is due to contamination from fluxes or other materials. 


EFFECTS DUE TO APPLIED OR INDUCED STRESSES 

Such mechanical properties as strength and hardness are important in refractories, 
since stresses i coinpression, teusion, impact, and abrasion are encountered in trans- 
portation, in installation, and in actual use at high temperature. The mechanical 
properties of various refractories are shown in Table IIT (21). 

Applied Stresses. The cold crushing or compressive strength and modulus of 
yupture are measured by the standard tests typical for such materials of construction. 
The cold crushing strength is generally well in excess of any dead-loading applied in 
use. It has value in checking the effect of special drying and burning treatments in 
manufacture. The cold modulus of rupture, except for some types of insulating fire- 
brick, may vary from approxinately 200 to 3000 p.s.i. 

‘Much damage is done to brick by impact if dropped or otherwise carelessly 
handled. There is no standard test to measure resistance to this type of stress but 
some correlation has been found with a modification of the A.S.T.M, C742 “rattler” 
test. In this test the brick specimens are rotated for a definite number of turns in a 
machine shaped like a steel barrel and containing cast-iron balls; the loss in weight 
resulting from abrasion is determined. Refractories are subject to abrasive action 
when rubbed together, by contact with solids in motion, either in the form of steel 
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ingots or slabs, or as dusts in gases. No standard test has been devised for ineasuring 
resistance to abrasion, hot or cold, so this property is frequently estimated from the 
modulus of rupture. 

In some applications, such as piers and checker systems, refractories are required 
to support loads at bigh temperatures and the brick are heated on more than one side. 
Excessive yield or deformation cannot be tolerated. The only standard test in use 
for measuring this behavior is the hot compressive load test. (see p. 627). Fire-clay 
and high-alumina refractories, because of their comparatively high content of liquid 
having a high viscosity, have a long softening range and the total contraction is of 
most interest. Silica and basic refractories, because of their highly crystalline char- 
acter, fail more sharply under compression owing to melting of the matrix material, 
and the temperature of shear is of most interest. 

In interpreting hot-load test data, it should be kept in miud that the test is made 
on samples heated throughout to the testing temperature. When refractory brick 
are used in furnace roofs and walls they are usually heated on one side. If such a 
structure is uniformly loaded, the refractory may be overstressed at the hot face but 
this need not cause failure of the entire structure, because the resultant strain at the 
hot face may merely transfer the stress to the inner or cooler parts of the arch or wall 
where the stress will have little effect. 

Transverse tests at elevated temperatures, although uot standardized, have been 
made in especially designed apparatus on a limited number of fire-clay and high- 
alumina refractories. The modulus of rupture tends to increase as the temperature 
is raised to 1000°C. In some cases there is no decrease until the temperature reaches 
1200°C. A limited amount of work on silica brick has indicated a devrease of strength 
as the temperature becomes higher than room temperature. 

The accelerated character of the hot compressive load test has recently turned 
the attention of refractory users to longer tests which more closely simulate conditions 
in use. This interest has also been noted iu tensile creep tests since refractories, 
like metals, show the phenomenun of very slow flow under temperatures far below 
those at which any liquid ean fotm. This type of behavior has been observed for in- 
stance in hat blast stoves of iron blast furnaces where the refractories have been under 
constant, heavy loads for many years. Only a small amount of quantitative work 
has been done on this subject. 

Volume Stability. Refractories when heated under zo several types of volume 
changes which are accompanied by compressive and tensile stresses. The rate of 
heating and temperature attained affect the magnitude of the stresses applied and the 
degree of cracking likely to be encountered. The volume change may also affect the 
tightness of the joints of the refractory structure. 

The reversible thermal expansion, or dilatation, is‘a property which varies with 
the composition of the refractory material. This is illustrated for several types of 
refractories in Figure 8. Most of the significant expansion occurs below 1200°C. 
except for compositions high in magnesia. The values are of importance in calculating 
the overall expansion which must be provided for in building fumaces in the form of 
expansion joints or other means. The rate of expansion, which affects the cracking 
or spalling, is discussed below under ‘‘Spalling.”’ 

Under some conditions, 2 refractory upon simple heating and subsequent cooling 
does not return to its original dimensions. This is termed permanent change and it 
may be either expansion or shrinkage. The determination of the permanent change 
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in dimensions is made according to a standard reheat test and is commonly condueted 
at temperatures that are higher than those to which the brick are fired in manufacture 
or which they are likely to encounter in service, The amount of shrinkage and ex- 
pansion is controlled during mamufacture to ivsure joints of proper tightness in service. 
Frequently the expansion shown by fire-clay refractories in the standard test is not 
encountered in use because of the restraining effect of the weight of the refractory 
structure or to the enclosing steel framework of the furnace. 
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Fig. 8. Linear thermal expansion of refractories. 


Because of certain types of chemical attack from furnace operations, such as that. 
of alkaline materials on alumina silica brick and of molten inagnetite on chrome brick 
(see p, 612), the refractory may undergo excessive permanent expansion resulting in 
‘necling” or “bursting” of the heated surfaces. 

Spalling or Thermal Shock, Thermal spalling is associated with the effect of 
repeated heating and cooling of refractories in service and especially where rapid 
changes in temperature occur. It is evidenced by cracking or rupturing of the re- 
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fractory unit, generally localized near the hot face. Usually there is detachment of a 
portion of the unit and loss of effective thickness of (he refractory structure,  Thernial 
spalling is naturally influenced by the reversible thermal expansion of the refractory 
substance. Figure & shows that almmina-siliea refractories have both the lowest 
total expansion and the most uniform vate of expansion, and thus are mosh. compatible 
with conditions where furnace temperatures are likely to fluctuate widely. Silica 
refractories are sensitive to thermal spalling at low temperature because of the ex- 
pansion characteristics below 300°C. Magnesia and chrome have higher thermal 
expausion than other refractories aud ave subject to failure by spalling. 

The ability of a refractory to resist the stresses dne to thermal expansion or con- 
traction is determined by its elastic properties and strength. Bricks of a given strength 
and possessing & low modulus of elasticity are better suited to absorb or resist stresses 
than those with a high elastic modulus. The strength and elasticity are affected in 
part by the operations and processes employed in Manmuafattiure, such as the grain sizing, 
forming pressures, and firing temperatures. High firing temperatures or subsequent. 
exposure to high temperatures in service usually cause the development. of a bigh modu- 
lus of rupture. The spalling resistance of basic brick, for example, has been increased 
by the substitution of chemical bonding for firing, using mixtures of magnesite and 
chrome, gap-grain sizing (see p. 623) the brick particles, and forming with very high 
pressures. Such brick have sufficient strength, and the modulus of elasticity decreases 
with increasing tenrperature in the range where the thermal expansion is at a maximuni, 
By eneasiug such brick in steel plates at the tine of forming, the spalling losses in service 
are further reduced. Spalting thus can be kept to a miniinum in service by the selec- 
tion, wherever possible, of refractories known Go possess the properties necessary to 
resist spalling. Where such refractories cannot be used, and it is necessary to substi- 
tute others, the heating and cooling rates on furnaces must be controlled within safe 
hnnits. 

A standard spalling test with variations applicable to the several classes of re- 
fractories of the aluinina-silica type measures the combined effects of struetural and 
thermal spalling. In the test, the brick laid wp as panels are first heated to very high 
temperatures for the purpose of inducing if possible a high modulus of elasticity, 
a high modulus of rupture, permanent shrinkage, or permanent expansion, The pre- 
heating is then followed by alternate heating and cooling, thereby providing thermal 
shock aud an opportunity to develop potential eracks and spalls. Following the 
completion of the heat treatments the panels are dismantled and the loss in weight 
due to spalling calculated. 


HEAT STORAGE AND TRANSFER 
Refractories differ in their ability both to store and to transfer heat. These 
differences are due in part to Inherent properties of the refractory composition as well 
as to properties resulting from the manufacturing processes. 
Heat Capacity. The heat content of a refractory at a temperature, é, calculated 
above a reference temperature, for example 25°C, is given by: 


H = mc(t — 25) 


where H = heat content of the refractory above 25°C. in calories, m = mass in grams, 
and ¢ = mean specific heat, between ¢ and 25°C. in ealories/gram. Specific heats for 
several commercial refractories are given in Table IV (18). 
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TABLE LY. Specific Heats of Commercial Refractories, 





Mean specific heat bet ween 24 and £°C., eal./gram/°C, 








Ve ‘hrome ‘ire-clay Magnesite Silica, 
ae ee? eiek rick briek 
100 0.170 0.198 ). 222 0.201 
200 0.178 0.204 0,229 0.207 
300 0.185 0.210 0.236 0.214 
400 0.193 0.216 0. 2-44 0.220 
500 0.201 0.292 0.251 0.227 
600 0.205 0.229 0. 256 0. 23-4 
700 0.200 0.236 0.261 0.241 
800 0.213 0.244 0.267 0.218 
000 0.216 0.251 0.272 0.256 
1000 0.220 0.258 0.277 0.263 
1100 0.223 0.266 0.28] 0.270 
1200 0.225 0.275 0.284 0.276 
1300 0.227 0.283 0. 288 0.283 
1400 0.229 0.291 0.202 0.280 
1500 0.231 0.299 0.296 0.296 








The bulk density of a refractorv is a function of the true specific gravity‘and total 
porosity. Thus refractories of high specific gravity such as basic brick, if of low poros- 
ity, have the highest, heat capacity; and those of low specific gravity such as silica 
and fire-clay brick, if of high porosity, have the lowest heat capacity (for a brick of a 
given volume). Since the porosities of most brick except insulating firebrick do not 
vary greatly, the bulk densities are of more importance. Ranges of bulk densities 
for a number of commercial brick are given in Table V, data for which are taken from 
reference (22), 


TABLE V. Bulk Density of Refractory Brick. 








Bulk density, 








Type of brick tb./ou.ft. 
Carbon 85-100 
Silica 100-115 
Fire clay 120-147 
High-slumina 

50, 60, 70% 120-150 

80% or more 180-190 
Sillimanite 135-150 
Mullite, cast 150-200 
Silicon carbide 160 
Magnesite 165-185 
Chrome 180-200 
Zircon 210-230 











Thermal Conductivity. This property is also a function of the refractory com- 
position and the porosity. The size of the pores may also be significant. Curves for 
several typical refractory brick compositions including tio classes of porous insulating 
firebrick are shown in Figure 9. 

Since refractories are commonly used to retain heat, low thermal conductivity 
is usually desirable. In a limited number of cases it is desirable that heat be readily 
transmitted, in which instance high thermal conductivity is preferable. 

The curves indicate two types of changes in conductivity with temperature. 
For most refractories the temperature coefficient is positive, but for those containing 
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magnesia the coefficient is negative. The magnesite-chroine aud chrome-maguesite 
brick ilustrated, made by the Ritex process, are significantly lower than the usual 
magnesite and chrome brick, particularly at high temperatures. In the Ritex process, 
the brick aggregates of magnesite and chrome ore are gap-grain sized (see p. 623) within 
closely controlled tolerances, chemically bonded, and molded into brick shapes at 
very high unit pressures of the order of 10,000-15,000 p.s.i. A feature of the process 
is a special curing treatment combined with the drying operation. The brick pro- 
duced are of exceptionally high density, strength, and spalling resistance. 


Temperature - °C. 
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.Fig. 9. Thermal conductivity of refractories, 


Certain factors related to furnace construction and operation also affect the rate 
of heat transfer through furnace walls. These include the character. of the mortar 
used and the thickness of the brick joints, the pressure of the furnace gases, and ex- 
ternal air currents. 

Standard tests of good precision to measure the thermal conductivity of both 
dense and insulating refractories were established in 1947, 
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ELECTRICAL RESISTIVITY 

Electrical resistivity is of importance in electric furnace work and in the use of 
refractory materials as resistors to generate heat. The most important resistor ma- 
terials are silicon carbide, graphite, and carbon. 

In general all refractories are pour electrical conductors at low temperatures, 
the resistivity decreases however with temperature. The rate of decrease is fairly 
coustant for alumina silica refractories such as fire clay, high alumina, and mullite; 
the rate tends 10 increase with increase in Lemperature for acid refractories such as 
silica and zireouia; for basic refractories the rate tnereases sharply (8). Precise values 
of resistivity apparently have been difficult to obtain, but for the usual bonded re- 
fructories the resistivity above LOOO°C. is highest for magnesite brick, followed in 
decreasing order by silica, alumina silica, and chrome brick. The resistivities of these 
four types of refractories are shown in Table VI (13), Iu general pure, high-melting 
materials have the highest resistivity, while tused-cast refractories have the lowest. 


TABLE VI. Electrical Resistivity of Common Refractories, 

















Type of refructury 35 1000 1200 1400 ; 1500 
Fire-elay brick 187 , 000 , 000 10,800 -L, 160 1,420 890 
Silica brick 125 , 000,000 300,000 §2,000 16,500 8,420 
Chrome brick 48, 100,000 171 63 85 41 
Magnesite brick 137,000,000 708,000 193 ,000 22,400 2,500 





Manufacturing Methods 


The manufacturing methods described here are those in most general use for pro- 
ducing pressed brick and shapes from granular duaterials (which may be naturally 
occurring mineral substances or synthetic products). See also Ceramics, 

Calcining and Burning. Calcining is a high-temperature heat, treatment for raw 
materials preparatory to usc. Tt is intended to drive off volatile chemically combined 
constituents, ta develop desired physical couditiou, and to cause shrinkage, so that this 
will be largely eliminated during the final burnmg of brick. The operation is carried 
out in periodic or rotary kins. These calcined materials are sometimes called “grog,” 
a term also applied to ground firebrick, Caleining is of limited application to raw 
fire clays, and diasporitic materials. Bauxite for refractory uses, however, must al- 
ways be calcined at very high temperatures to produce a hard, dense, nonshrinking 
aggregate. Kyanite, also, must be calcined, to soften the ore for easter grinding 
and to convert it to the temperature-stable crystalline form, mullite. This conversion 
is accompanied by a high expansion which would he undersivable during the eventual 
burning of brick. 

Magnesite rock and magnesium hydroxide precipitated from sea water (and 
brines) are heated at temperatures of 1600°C. and higher in rotary kilns to produce 
granular dead-burned grains of magnesia suitable for brickmaking or other uses. 
Dolomite rock also may be either calcined or dead-burned, Caleining is carried out in 
vertical shaft kilas, or in rotary kilns heated to about 1100°C. or somewhat higher. 
In dead-burning, mill seale equivalent to 5-12% of iron oxide is added (1,15) to the 
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crushed rock which is then heated in rotarv kilns to about 1650°C. Some dead- 
bumed dolomite, however, is made on sintering machines. 

Crushing and Grinding. Hard clays require primary crushing into lumps small 
enough for the grinding equipment. Jaw, gyratory, or roll crushers are used depending 
on the physical characteristies of the clay. The crushed materials are usually ground 
in a dry pan to reduce the lumps to the proper size for screening, This machine is a 
type of edge-rumer mill but it has a perforated bottem through which the crushed 
material is continuously removed. For extremely fine grinding, ball mills and ring 
roll mills may be used, 

Quartzite generally requires two stages of reduction in jaw or gyratury crushers. 
The crushed rock is then ground in either a wet or a dry pan depending on the subse- 
quent forming process to be used. The wet pan, similar to the dry pat except that it 
has a solid bottom, is gencrally used for brick to be molded by hand or by the drop- 
machine. The dry pan is used to prepare the coarser part of the material for dry- 
(power-)pressed brick; ball mills are used to prepare the finer material. 

As dead-burned magnesite is in granular form, it does not require crushing and is 
accordingly ground in a dry pan supplemented by ring-roll crushers to produce the 
fine fraction for brick, Chrome, which is generally in hunp form, requires some pre- 
liminary reduction in jaw, roll, or gyratory crushers, after which it is handled like 
mnagnesite. 

Screening. Various types of screens are used for fire clay, the most. important 
being the vibratory types. Generally only the oversize material is removed, and all 
the continuously sized gradations passing the screen are employed for making brick. 
‘This same type of screen is also used for ganister if it is intended for making dry-press 
silica brick where special screen analyses are necessary. 1 silica brick are to be molded 
by hand, or by the drop machine, ground material may be put through vibrating 
screens, but generally the desired screen size is obtained by grinding in the wet pan. 

The screening operations in basic brick manufacture are more complicated and. 
require very rigid control te obtain the desired grain-size analysis required to produce 
brick of maximum density and strength. Two methods are in use. One might be 
called semicontinuous and the other gap-grain sizing. In semicontinuous sizing, two 
lots of material are combined im proportions to give the desired screen analysis. The 
first lot is a continuously sized material in which the upper size is of the appropriate 
coarseness. The other lot is finely ground so as to contain a high proportion of the 
minimum sizes desired. A shortcoming to semicontinuous sizing is the preseuce of 
excessive percentages of material tn the intermediate size range. This shortcoming 
is overcome in the newer practice of gap-grain sizing; mn this process selected bands of 
particle sizes are prepared and recombined in definite proportions, A series of at 
least three sereens of the vibrating: type is required yielding a coarse band, an inter- 
mediate band, and a fine band. Properly balanced mixtures, depending on specific 
requirements, are made by taking 55~70 parts by weight of coarse particles and 30-45 
parts of fine particles. Intermediate particles are rejected or their use is kept to a 
small amount not exceeding 10 parts. 

Mixing and Tempering. ‘This operation is designed to make a homogeneous 
mixture of the various batch ingredients, distribute the added water so as to coat the 
nonplastic particles with the more plastic material, develop plasticity, and reduce the 
amount of entrapped air. 

In fire-clay brick manufacture three types of mix are required, one for each form- 
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ing process: handmade, stiff-mud, and dry- (power-)press. Batches for handinade 
brick contain 10-20% of water, batches for stiff-mud brick 10-15% water, and batches 
for dry-press brick about 5% of water. Hand-molded brick mix is prepared in a wet 
pan. Stiffemud brick mix is processed in a pug mill, a semicircular trough in which a 
revolving shaft, holding imelined blades, stirs and mixes the clay aud water. In- 
tegrally connected with oue end of the trough is an extrusion auger machine for the 
eventual forming of the brick. Dry-press brick mix is usually prepared in a tempering 
machine similar to a wet pan. <A recent variant in the tempering process is to take 
either the wet-pan material or pug-mill material and extrude it through the perfora- 
(ions of a dry pan bottom. This imereases the density and strength of the formed 
brick. 

Iu siliea brick manufacture the batch cousists of crushed or ground quartzite and 
silica, pebbles plus slaked lime equivalent to about 2% CaO. <A small percentage of 
sulfite waste liquor residue, either as « concentrated liquor or asa dry powder, may also 
be included to promote a dry bond, Regardless of the eventual forming process, the 
batch is always mixed and tempered in a wet pan. 

Basie brick are furnished either burned or unburned (chemically bonded), In 
the latter case, the classical firing treatment to promote honding is omitted. A chemical 
bond is formed during the tempering and drying operations by the addition to the batch 
of an appropriate material. The chemical bonds are not generally disclosed by the 
manufacturers. Birch and Hendryx (4), however, give a list as revealed from published 
literature which meludes salts added or precipitated in place such as magnesium sul- 
fate, hydraulic cements, as well as adhesive matcrials—for example, sulfite waste liquor, 
linseecl oil, resins, plastics, and starches, One of the salts used may be magnesium 
chloride according to Byrnes (7). The application of chemical bonding is limited to 
refractory materials prestabilized by heat before meorporation into brick mixtures 
such as deud-burned magnesite and chrome ore (of igneous origin). 

For both burned and chemically bonded basic brick the mixing and tempering 
operation is carried out in a mixer, sometimes rubber-lined, which is a modified type 
of wet pan. The mix of proportioned grain sizes of one or more basic materials is 
added to the pan, aud, if the brick is to be unburned, the chemical bonding agent is 
added at this point, Since no graim-size reduction can be tolerated, the muller wheels 
of the pan are very light or even omitted, In the latter case, fixed plows or revolving 
“stars” (a system of small branching plows) are used to agitate the batch. The total 
moisture coutent is rarely over 5% giving the tempered batch the consistency of damp 
sand. The mixing cycle rarely exceeds 10 minutes. 

Forming. Wand-molded fire-clay refractories are generally confined to large or 
intricate shapes or to special shapes not warranting the expense of making a special 
die, Hand molding is done in. wood or steel-lined molds with loose liners to permit 
easy stripping. After stripping, some brick ‘are partially dried and then repressed 
in a hand press. 

About 20% of the fire-clay refractories produced are molded by the stiffanud 
process. In this method, a column of clay is extruded from the auger machine through 
a die and is snmultaneously de-aired, by applying vacuum, to minimize lamination and 
to increase density and uniformity of the mix. A continuous column issues from the 
die and blanks are cut off by a wire cntter. The blanks are then sized dimensionally, 
pressed, and branded by a repress machine. Forming pressures may run as high as 
400 p.s.i., and the brick produced is hard, tough, and dense. 
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Dry- (power-)pressecl brick are formed on mechanical toggle presses capable 
of exerting pressures of 1000-15,000 p.s.i. This is the molding method most generally 
used today in the industry. The damp mix is apportioned automatically aud fed into 
a recessed die of the press. Each cycle of pressing forms from one to four brick de- 
pending on their size and shape, 

To meet the requirements of brick snd shapes for certain service conditions, two 
other special forming processes are sometimes used. Slip casting, one of these meth- 
ods, is employed to form clay and sillimanite vefraclories when the necessary shapes 
are unusually intricate or have extremely thin sections. The finely ground ingredients 
in this case are made into a slip or slurry by the adcition of water and small amounts 
of electrolytes which increase the fluidity of the slurry. The slip is poured into a plas- 
ter of Paris mold which is removed after initial hardening of the shape takes place 
leaving the cast shape ready for final drying and burning. Air ramming, the other 
special process, is a variation of hand molding and is employed for very large or intri- 
cate shapes. This method requires heavy reinforced steel molds. A damp mix is 
fed nto the molds in relatively small increments and continually rammed by molders 
using pneumatic hammers. 

The forming of silica brick by hand is essentially the same us for fire-eclay brick, 
except the mix is rammed or pounded into steel molds with heavy mauls or mallets 
instead of being merely thrown into the mold. In drop-machine molding the tem- 
pered mix is conveyed from the wet grinding pan and elevated to a drop hopper of 
the molding machine, The drop hopper has an automatically operated timed gate 
from which the tempered mags is dropped into a gang mold about 20 ft. below. In the 
dry-press process, silica brick are formed by mechanical presses in the same manner as 
for fire-clay brick. 

Most of the standard shapes of basic brick are formed in dry presses capable of 
exerting pressures of the order of 10,000-15,000 p.s.i. The usual toggle or mechani- 
cally operated press is still in use, but many of the newer presses are hydraulically 
operated. The maximum. pressing capacity of the former is probably 500 tons but 
the latter may be as high as 800 tons. 

An appreciable tonnage of the unbumed brick is now sold encased in stecl plates 
of about 20 gage. This process is performed either during the dry-pressing operation, 
in which eaye the plates become an integral part of the finished product, or the brick is 
first dry pressed and the preformed plates are then slipped on in a separate operation. 

A few of the diffieult: basic brick shapes ure handmade, using steel molds and pneu- 
matic ramming as in the forming of some fire-clay brick. . 

Drying. Two drying methods are used for fire-clay brick. The temperatuie- 
controlled hot floor, heated by steam or hot-air ducts embedded in it, is best. adapted 
to hand-molded brick and large shapes. ‘Tunmel dryers, warmed hy waste heat from 
the kilns or by steam coils, are commonly used for stiff-mud products and some dry- 
press brick. ‘The latter, because of the low moisture content of the mix, may be set 
directly in the kiln without any drying treatment. Either hot floors or tunnel dryers 
are also used for silica brick. 

All basie brick are dried in tunnel dryers, but these are operated under somewhat 
different conditions depending on whether the brick are to be burned or only chemi- 
cally bonded. The former are dried with waste heat from the tunnel kilns in which 
the brick are eventually to be fired. Chemically bounded brick are dried in special 
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tunnel dryers generally with a foresection operating as a “curing”? zone and an after- 
section operating as a simple dryer to remove all residual moisture completely. 

Burning. his is the final heat treatment n kilns to which brick are subjected to 
develop bond and other necessary physical and chemical properties. The maximum 
temperattires employed for fire-clay brick range from about 1100 to 1650°C. depending 
on the type of product being manufactured. The kilns employed may be of either the 
periodic or comtinuous type. Periodic kilns are either circular or rectangular in cross 
section and operate on the downdraft principle. Their sizes vary but they are usually 
designed to burn from 30,000 to 150,000 nine-inch brick or their equivalent. The time 
required for the complete burning cycle depends on the kiln size; kilns of 90,000 
capacity normally have a turnover time of 18 to 21 days. Firing takes seven days, 
cooling five to six days, and emptying, kiln maintenance, and resetting require about 
eight days, 

The continnous or tunnel kiln is a strueture of narrow cross section compared with 
the length. The length ranges from 220 to 500 feet. The brick, set on cars, move 
slowly through three sections referred to as the preheating, burning, and cooling zones. 
This type of kiln is most satisfactory when used in continuous production for firing 
large quantities of standard-size refractories. Because of their efficiency and economy 
their use is spreading rapidly. 

Silica brick are generally fired in circular downdraft kilns which vary in capacity, 
the largest accommodating up to 150,000 nine-inch brick or their equivalent in other 
sizes. In setting the brick preparatory to firng, allowances must be made for an ex- 
pansion of about 18% by volume which results from the conversion of the quartz 
rock to the less dense high-temperature-stable forms of silica. A number of tunnel 
kilns are in successful use for burning silica briek, particularly in uewer plants. Their 
adoption has not been so general as in fire-clay brick plants, however. Tunnel kilns 
for firing siliva brick range in length from 500 to 600 ft. The complete buming cycle 
for a typical periodic kiln is from 21 to 27 days; for a tunuel kiln it is only from 6 to 7 
days. 

Only tunnel kilns are used to burn basic brick. They range from about 300 to 
400 ft. in length. The cross section varies depending on the width and height of the 
brick setting on the kiln cars. Low settings are generally employed and these rarely 
exceed 41 in. in overall height, or eight to,nine brick courses high with the brick set on 
edge. Depending on the brick mix, the firimg zone temperature may be as high as 
1650-1750°C.; the total burning cycle ranges from 3 to 5 days. (See also Vol. 8, 
p. 586.) ; . 


Economic Aspects 


Official statistics on the total output and value of refractories in the United States 
are not entirely complete since certain items manufactured by the user for his own pur- 
pose are not included. Nevertheless, the coverage has so improved in recent years 
that a fairly accurate overall economic picture of the industry is possible. ‘The usual 
statistical division of the products of the industry is in two groups, clay and nonclay. 
The nomenclature and variety of items in each group has caused some difficulty in the 
official canvasses and is therefore being studied for improvement. The aggregate 
value (25) of the products of the domestic refractories industry in predepression years 
was of the order of $90,000,000-100,000,000. Since World War II, there has been a 
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sharp increase in these values as shown in Table VII. 
about $300,000,000. 


In 1952, the values totalled 


TABLE VI. Value of Refractories Shipments 1946-1952. 
(In Thousands of Dollars) 











Clay Nonclay 
Year Total refractories refractories Dead-dolomite 
1946 158 , 804 81,464 71,840 10,102 
1948 231,590 119,359 Ot, 38+ 17,847 
1950 260, 383 126 , 686 111,971 21,726 
151 326,842 {71,086 155,756 26,375 
1052 300,577 161, 934 138 , 643 25,965 








Data given im Table VIII, which is compiled froin the “Facts for Industry” 
releases of the Industry Division of the Bureau of the Census, on the volume of brick 
of various types shipped over the period 1946-1952 ilhistrate the trends resuléing from 

various ecouomie and technological factors in both the production aud use of refrac- 
tories. Shipments of clay (except super-duty) high-alutmina, and siliea refractories 
have shown no outstanding increase for this period. Basie brick shipments, on the 
other hand, have doubled. 


TABLE VII. Shipments of Chief Classes of Brick. 





Clay firebrick Mugnesite and chrome brick 


High-alumina 























Clay (excent Clay brick (aver Magnesite and Chrome and 
auper-duty) super-duty 60% alumina) Silica brick magnesite—chrome chrome-magnesite 
Thou- Value, Thou. Value, ‘Fhou- Value, Thou- Value, Thou- Value, Thou Value, 
Year  sanda $1000 sands) $1000 sands $1000 sands $1000 sands $1000 sands $1000 
1946 502,561 41,800 43,798 45,571 19,177 3,378 246,621 10,878 16,751 f,441 28,755 9,348 
1948 649,745 58,948 62,025 8,821 20,708 4,896 318,203 $4,1)8 24,456 11,717 41,077 16,073 
1950 585,108 57,489 64,046 10,108 17,670 1,797 300,353 38,292 27,779 14,415 44,484 19,672 
1vAl 710,289 78,562 92,783 16,158 23,414 6,825 374,237 51,086 39,1382 21,800 55,949 27,343 
1952 610,254 70,849 93,428 16,951 21,685 6,655 327,997 46,797 38,150 21,949 48,147 23,658 
Testing 


The best known and most widely accepted physical tests for refractories are those 
standarized by the A.S.T.M. 

Refractoriness is measured on all forms and types of refractories by the PCE or 
pyrometric cone equivalent test. This is supplemented by a hot compressive test 
applied only to brick. Data from the latter test are used to a limited extent for engi- 
neering design purposes. In the PCE test (A.8.T.M. C2446), the finely ground re- 
fractory is molded into small cones in the form of slim tetrahedrons and heated at a 
prescribed rate. Their bending or softening behavior is compared on the same test 
plaque with Standard Pyrometric Cones calibrated for the testing of refractories. 
See Vol. 3, pp. 589, 590. 

The hot compressive or load test (A.8.T.M. C16-49) is carried out by applying a 
static load of 25 p.s.i. throughout a specified heatiug period to a 9 in. straight brick 
standing on end. Five heating schedules are used depending on the type of refractory 
brick being tested. For fire-clay brick the percentage of total deformation occurring 
after a 114 hr. holding period at a prescribed temperature is reported. Silica, basic, 
and other bonded granular refractory brick are evaluated by determining the tempera~ 
ture of shear during a period of constantly rising temperature. 


628 REFRACTORIES 


Thermal stability is measured on brick or molded plastics and castables by two 
tests; the reheut test determines the permanent shrinkage or expansion obtained on 
reheating and the spalling test determines resistance to rapid temperatire change and 
the combined effects of structural and thermal spalling. 

The reheat change CAS.TAL C113-46, Ci7a-46, C210-46, and ©260-51T) is 
obtained by setting the speciinens on edge with no superimposed loading and holding: 
for 5 hy. ata preseribed temperature. Four tenyperature schedules are used depending 
on the class of product being tested, 

The spalling resistance (A.S.T.M. C38-49, CLO7-47, C122-47, and C180-49) is 
determined only on fire-clay and high-alumina brick by measuring the loss in weight 
of panels of the test specimens after a prescribed series of heat treatments using rapid 
chauges in femperature. The panels are first preheated for 24 lr. at a temperature 
related to the class and type of product to induce potential structural changes, and are 
then subjected to 10 cycles of heating tu 1400°C. (2550°F.) followed by cooling, using 
a water and air spray. 

Other Physical Properties. The mechanieal strength, dimensional tolerances, 
density and related properties, and thermal conductivity are measured by the following 
tests. 


Cold crushing strength and modulus of rupture of refractory brick and shapes (A.8.T.M 
C133-49). 

Crushing strength and mudalus of raptuce of insulating firebrick at roam temperature(A.8.T NL 
C93-46). 

Modulus of rupture (cold) of castuble refractories (A.S.T.M, C268-5 17). 

Workahility index of fire-clay plastie refractories (A.S.T ML C18i-47). 

Size and bulk density of refractory brick (A.S.T.ML C134-41). 

Warpage of refractory Driek and tile (A.B.T.M. C154-41). 

True specific gravity of refractory materials (A.S.T.M. C184—7). 

Porosity (apparent), water absorption, apparent specific gravity, and bulk density of bumed 
refractory brick (A.S.T.M, C20--46). 

Thermal conductivity of insulating firelirick (A.S.T,M. C182-47), 

Thermal conductivity of refractories (A.8UT.M. C201-47). 


Properties of mortars, or other ground products. 

Bonding strength of air-setting mortar (wet type) (A.S. TUM. Cigg-47). 
Refractoriness of air-setting refractory mortar (wet type) (A.S.T.M. C199-47). 
Sieve analysis and water content of refractory materials (A.S.T.M, C92-46). 


TABLE IX. Standard Refractory Samples. 














Standard . 
sample No. Material 

Ou Raw bauxite 
76 Fire-clay brick 
77 High-alumina brick (60% grade) 
78 High-alumina brick (70% grade) 
88 Raw dolomite 
07 Raw flint clay 
98 Raw plastic clay 

102 Silica brick 

103 Raw ehrome ore (refractory grade) 

104 Deud-burned magnesite 


112 Silicon carbide 
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Chemical Analysis. The analysis of refractory materials requires: more than 
ordinary skill) The procedures most used in the Uos. are “Methods of Chemical 
Analysis of Refractory Materials’ (A.S.T.ME. C18-51). 

A series of standard samples, neluding various types of refractories, may he ob- 
tained for use in checking the accuracy of analytical work. These samples have 
been developed through cooperation between the National Bureau of Standards and a 
large group of commercial laboratories skilled in this type of analysis. Table IX 
shows the samples that are available. 


Classifications and Specifications 


Classifications. Standard classifications for both fire-clay brick, which include 
alumina--diaspore fire-clay brick, and insulating firebriek have been developed by the 
AS.T.M. (2). These classifications serve the useful purpose of grouping all the mis- 
cellaneous brands from muimerous producing districts mnto classes with nomenclature 
indicative of thetr general resistance to heat, or behavior in service. The classifica- 
-tions are not intended as specifications in the sense that end uses are not specified. 
Further, the properties described are limited to those necessary to differentiate the 
various classes. The tivo standard classifications are shown in Table NX. 


TABLE X. Standard A.S.T.M. Classifications for Refractories. 























Tire-c clay refractories? “Tostulating firebriek® 
Load, max. Bulk 
deform, at Group density, 
TCE, min AleOa identifi- Tiinear change, NULX, 
Class cone No, cont,, SG cation! 2c max. when heated ut Ib, Jou, it. 
super-duty” 33 — Group 16. 1550°F, (844°C. ) 34 
High-duty 31-32 — Group 20 1950°L", (1LOG5 °C, ) 40 
Tntermediate- 29 A woup 23 2250 °F, (1230 °C.) 48 
duty 

Low duty 19 ca _ Caroup 26 2550°F, (1400 °C. } 52 
50% alumina 34 -— 50 25 Group 28 2750°F, (1510°C.) 60 
60% alumina 35 —_ GO# 2.5 ° - 
70% alumina 36 _ 7O# 2.4 





® ASTM. C27-41. 

® ASTM CL55-47. 

© The brick may meet the load requirement instead of the PCH requirement. 

4 Maximum linear shrinkage on reheating at 1600°C. (2010 F.), 1%; maximum spalling loss 
when preheated at 1650°C. (3000°F,), 4%, 

® The group number indicates the maximum recommended temperature of exposure, for example, 
group 16 = 1600°F. 


Specifications. The chicf specifications for refractory products are those stand- 
ardized by the A.S.T.M. (2) and by various government agencies such as the Federal 
bureaus, the Navy Department, or jointly by the Army and Navy. The latter 
specifications are distinguished by the Prefix JAN or MIL. 

The ‘A.S.T.M. specifications always give a specific end use but the Federal and 
military specifications are not consistent in this respect. A tendency to use non- 
standard tests in some government specifications, with the arcompanying difficulty of 
applying standard data, apparently will be eased in view of the government policy 
announced in 1952 to use industrial and technical standards. 

Current specifications of the A.S.T.M. and government agencies are in Table XI. 
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TABLE XI, Specifications for Refractory Products. 





Numerical 











Title designation Data issued 
AS STM, 
Refractories for heavy-duty stationary boiler service C64-51 
Refractories for moderate-duty stationary boiler service C153-51 


Fire-clay plastic refractories for boiler and incinerator services C176-47 
Air-setting refractory mortar (wet type) for boiler and inciner~ 









































ator services C178-A7 
Fire-clay-buse castable refractories for botler furnaces and in- 

cinerators C213-61 
Refractories for incinerators C106-51 
Refractories for malleable iron furnaces with removable Lungs, 

and for annealing ovens C63~51 
Ground fire clay as a mortar for laying-up fire-elay brick C105-47 

FEDERAL 
Brick; fire clay AH-B-67 le 10/10/46 
Brick; silica HH-B-68 1 5/2/38 
Cement; silica TIH-C-176 8/1/33 
Clay; fire, ground HH-C-451b 10/6/44 
Mortar; air-setting, refractory, honding (wet and dry types) HH-M-6114 10/29/43 
Mortar; heat-setting refractory HH-M-622 8/30/44 
Refractories; fire-clay, plastic HY-R-191A 8/7/52 
NAVY 
Cement, silica 32C8¢ 12/15/45 
MILITARY ESTABLISHMENT 

Cement, metallurgical, air-setting, high-temperature JAN-C-693 11/5/48 
Grog, insulating, granular JAN-G-515 10/31/47 
Refractory, castable, high-temperature, hydraulic setting JAN-R-717 * 1/27/49 
Brick, silicon-carbide, refractory MIL-B-20215 10/29/51 
Clay, fire (binder for foundry molding sands) MIL-C-17069A 4/1/52 
Brick, magnesite MIL-B-2796 8/23/54 
Brick, refractory MIL-B-15606A 12/17/51 
Insulating brick, thermal (fire-clay, high-temperature) MIL-I-16008A, 3/12/52 
Insulation brick, thermal, diatomaceous silica (high-tempers- 

ture) MITL-L-16182A 1/24/52 
Brick, refractory, insulating MIL-B-163054 5/19/62 
Castable mix, refractory chrome base (hydraulic setting) MIL-C-15418A 8/3/51 
Castable mix, refractory (hydraulic setting, baffle material) MITE-C-15879A 1/4/52 
Magnesite, dead-burned MIL-M-2903 9/4/81 
Mortar, refractory (high-temperature air-setting) MIL-M-15842A 4/1/51 
Mortar, refractory (high-temperature heat-setting) MIE-M-16299A 12/18/51 
Plastic mix, refractory (water-wall, boiler, chrome ore plastic) MIL-P-15384A 5/28/51 
Plastic mix, refractory (super-duty fire clay) M TL-P-15731A 9/19/51 





| Selection and Use 


The relative positions of different industries as purchasers of refractories has re- 
mained fairly static over the course of recent years. The actual percentages of total 
sales to the different industries may however show some fluctuations depending on - 
economic and technological developments. The current relative importance of the 
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various industries as consumers is indicated in Table XII. The lwo most important 
shifts since about 1940 in the relative consumption of refractories has been au increase 
of about 10-15% by the iron and steel industry due chiefly to supplying the needs of 
the defense effort; and a clecrease of about 5% in the public utilities group. 


TABLE X11. Estimated Distribution of Sales of Refractories. 





Percentuge of 





Industry total sales 
Tron and steel 68 
Publie utilities 14 
Basic and silicate 9 
Nonferrous metals 6 
Chemical processes 4 


Miscellaneous + 








Selection of Refractories. The utilization of refractories from a technical view- 
point depends ou the proper balancing of tivo sets of factors, the properties and be- 
havior of the refractories ou the one hand and the destructive conditions likely to be 
encountered in service on the other. This is illustrated hy Figure 10. 

veu in furnaces of the same type and design and processing approximately the 
same kind of material, it is not always possible to state in advance that a certain type 
of refractory will prove satisfactory, This is due to operating variables. General 
experience however, is, a good guide in the majority of cases. 

Various standardized applications of different types of refractories are listed im an 
excellent series of ‘Industrial Surveys of Refractory Service Conditions” compiled by 
Committee C-8 of the A.S.T.M. (2). In each survey the types of refractories used in 
each part. of the furnace or furnaces are tabulated along with the temperature of 
operation and the relative degree of such destructive influences as slagging erosion, 
abrasion, spalling, and load. 
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REFRIGERATION 


Refrigeration is the process of removing heat from a system to produce and maintain 
subatmospheric temperatures. The material absorbing the heat is termed the re- 
frigerant. Refrigeration methods may be classified as natural and mechanical. 
The natural methods include the use of natural ice, “dry ice”? (solid carbou dioxide), 
and cold ground waters, all of which are still used to some extent for domestic food 
preservation, but only the latter two have industrial application. Two features 
characterize the natural refrigeratio: methods: (/) the spent refrigerant is wasted; 
and (2) the heat absorbed is removed from the system at a temperature level below 
that of the refrigerated system. In view of the very limited use of natural refrigera- 
tion methods, only mechanical refrigeration methods will be discussed here. 

The mechanical methods provide most of the industrial refrigeration as well as 
manufactured water ice and dry ice. Here again, distinguishing features are usually 
present: (1) the refrigerant is captive and is used over and over again; (2) the heat 
abstracted by the refrigerant at a low temperature level is elevated, through the ex- 
penditure of mechanical energy, to a higher temperature level and then rejected; 
and (8) the refrigerant, during its cycle, repeatedly changes between liquid and vapor 
phases. The mechanical methods of importance today tmelude vapor compression, 
absorption, and steam jet. systems. Further classification of mechanical refrigeration 
systems is often made on the basis of the heat-transfer steps involved. If the heat 
removed from the refrigerated system passes directly to the refrigerant und is then 
discharged at an elevated temperature, a direct expansion system is represented. On 
the other hand, if the heat is first transferred to a secondary fluid, such as a brine, 
and thence to the primary refrigerant, the system is termed indirect or indirect-brine. 

Terminology. The generally accepted definitions of terms peculiar to refrigera- 
tion technology are as follows: 

A standard ton of refrigeration is the basic unit. of refrigeration effect, equivalent to 
the heat of fusion of 1 ton of water ice or 288,000 B.t.u. 

A standard commercial ton of refrigeration is the refrigeration effect of one standard’ 
ton per 24 hours, or 12,000 B.t.u. per hour, or 200 B.t.u. per minute, This is commonly 
termed “ton of refrigeration.” 
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The refrigcrant is the fluid that undergoes the refrigeration cycle. 

The ratio of compression is the ratio of the absolute pressure in the evaporator to 
the absolute pressure in the condenser. 

The coefficient of performance is the ratio of the refrigeration effect to the work of 
compression expended in attaining that effect. 


Vapor Compression Systems 


The vapor compression refrigeration system has the most widespread dustrial 
application. In this system, the refrigerant, a volatile liquid with the proper physical 
properties, is changed from the liquid to the vapor phase through heat absorption 
at a low pressure and then from the vapor to the liquid phase through heat removal at 
an elevated pressure. The vaporization of the refrigerant takes place in the evaporator, 
that pact of the system which is in contact with the material to be cooled. The 
pressure in the evaporator must be such that the corresponding boiling temperature of 
the refrigerant is below the temperature of the medium being cooled. Thus heat will 
flow from the surrounding material to the refrigerant and cause vaporization. The 
vapor so formed is removed by meaus of a compressor in order to maintain the low 
pressure in the evaporator. Through the addition of mechanical energy by the com- 
pressor, the temperature and pressure of the vapor are raised. The high-pressure 
vapor then passes to the condenser, where, through heat exchange with a cooler medium, 
such as water or air, its sensible and latent heats are removed with subsequent con- 
densation. The pressure to which the compressor must raise the vapor is governed by 
the temperature at which the vapor is condensed (depending, in turn, upon the tem- 
perature of the cooling medium) and corresponds to the vapor pressure at that tem- 
perature. The heat removed in the condenser is the total of the heat picked up in the 
evaporator, the heat, of compression, and any net heat gained by the system from the 
surroundings, 

The hot liquid refrigerant passes from the condenser to the receiver, a storage 
reservoir, and thence to the expansion valve. ‘The expansion valve controls the flow 
of refrigerant from the high-pressure side of the system to the low-pressure region, 
Since the hot liquid after passing through the valve is above the equilibrium tempera~- 
ture corresponding to the pressure in the evapovator, a portion of the liquid flashes 
(vaporizes), thus reducing the remainder of the liquid to the equilibrium temperature. 
‘The refrigerant is then ready to pass through the cycle again. 

The Simple Vapor Compression Cycle. As the refrigerant passes from the 
evaporator to the compressor, condenser, expansion valve, and back to the evaporator, 
it undergoes several processes. These processes, in their sequence, constitute a heat 
cycle. The ideal cycle for refrigeration is the reversed Camot heat-engine cycle, 
which consists of adiabatic expansion and compression and isothermal vaporization 
and condensation. This cycle, however, because it is ideal, camnot be applied to actual 
machinery, and only serves as a basis of comparison. The vapor compression re- 
frigeration machine operates on the reversed. Rankine cycle illustrated in Figure 1 on a 
simplified Mollier chart for a typical refrigerant. Iven this diagram is somewhat 
idealized, and in actual practice the liquid is cooled somewhat more, and the vapor 
heated more, than the diagram shows. Saturated liquid refrigerant enters the ex- 
pausion valve at point d, and in passing through the valve the pressure drops and a 
portion of the liquid is vaporized to cool the refrigerant to pot a. This expansion 


REFRIGERATION 635 


occurs Without change in heat content of the fluid. At point a, the entrance to the 
evaporator, both liquid and vapor exist. As thé refrigerant passes through the evapo- 
rator, i) absorbs heat from the medium being eooled and the remainder of the liquid 
evaporates at constant temperature. At point 6, the refrigerant leaves the evaporator 
asu saturated vapor and enters the compressor, in which it is compressed at constant 
entropy Lo point c, where it exists as a superheated vapor. The superheated vapor 
enters the condenser at point ¢, and heat is rejected at constant pressure to the cooling 
medium. The temperature of the vapor drops to the saturation temperature, cor- 
responding to the pressure in the condenser, and then the vapor condenses, thus 
returning to the condition at point d again. 

Considering 1 pound of refrigerant going through the cycle, the refrigeration 
effect obtained in the evaporator is equal to the difference in enthalpies at points a 
and b, or I, — H,. Since the compression is isentropic, the theoretical work of com- 
pression is equivalent to the enthalpy change between points b and ec, or H, — Hy. 
Similarly, the theoretical condenser duty is H, — Hy. Prom its definition, then, the 
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Fig. 1. Diagram for the simple vapor compression cycle. 


coefficient of performance is (Hy, — H.)/(H, — Hy). The amount of refrigerant that 
must be circulated per minute in order to produce a standard commercial ton of re- 
frigeration is equal to 200/(H, — H.). This figure multiplied by the enthalpy change 
during compression, (H, — H;), gives the theoretical power requirement per ton of 
refrigeration. The actual power requirement will be greater than this figure because of 
mefficiencies of the compression equipment and will depend upon the compression 
ratio, the pressures involved, and the size and design of the compressor. 

Other Vapor Compression Cycles. The simple compression system described 
above is usually referred to as a single-stage compression because the vapor is com- 
pressed from evaporator pressure to condenser pressure in one step. Such a system 
has a limited operating range usually set by the compressor design and the refrigerant 
used. The lower limit for single-stage compression is about 0 p.s.i.g. pressure in the 
evaporator, providing the compressor design will permit the compression ratio neces- 
sary to reach the condenser pressure. For applications exceeding the limitations of . 
simple compression systems, multistage compression systems and cascade systems are 
used, 
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Tu the multistage compression system, the refrigerant vapor is compressed from. 
evaporator pressure to condenser pressure in two or more steps. ‘The different steps of 
compression may be accomplished by meaus of individual compressors or a single 
compressor with several compressing stages (see under Pressure technique, pp. 115,121). 
Examination of a Mollier chart indicates that as the compression ratio increases, the 
discharge temperature and the superheat in the compressed vapor increase exponenti- 
ally. Thus, when multistage compression is required, the vapor from the last stage 
discharges at a temperature too high for proper compressor performance. ‘To over- 
come this, cooling of the vapor befween stages is required. Iuterstage cooling ac- 
complishes, among other desirable effects, increaned refrigerating effect in the evapora- 
tor, and reduced compression power. The theoretical cycle for a two-stage compres- 
sion system with interstage cooling is shown in Figure 2. In actual practice the vapor 
between stages is not cooled all the way to the saturation line. 
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Courleay York Corp, 
Fig. 2. Diagram for a two-stage compression system. 


The basic components of a two-stage cascade system are shown in Figure 3. There 
are two independent circuits involved, one termed the low-temperature or low stage 
and the other the high-temperature or high stage. In order to reduce the condenser 
pressure, and thus the compression. ratio, of the low stage, refrigerant from the high 
stage is used (0 cool this condenser. ‘The high-stage refrigerant then follows a simple 
compression ceycle and Is condensed in a water-cooled high-pressure condenser, It is 
readily seen that the evaporator of the high stage is the condenser of the low stage, 
whereas the evaporator of the low stage is producing the desired low-temperature 
refrigeration. In many cases the refrigerants used in the two stages are not the same 
but are selected to give the best operating conditions. The chief disadvantage of the 
cascade system liés in the temperature difference required between low-side condensing 
rapor and high-side evaporating liquid. This difference, necessary for heat exchange 
to take place, shows up as an additional power demand. 
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Compression Equipment. (Ree also Fluid mechanics (transportation); “Pumps 
and compressors” under Pressare technique.) ‘The refrigeration-svstem compressar is 
a gas pump that transfers the refrigerant. vapor from the low-pressure region to the 
high-presste region through the expenditure of mechanical energy. The com- 
pressor must have sufficient capacity te remove from the evaporator all the vapor 
formed in producing the desired refrigeration effect and to compress that vapor stuffi- 
ciently to permit subsequent condensation when heat is removed. There are three 
general classes of compressors used in refrigeration practice: reciprocating, rotary, 
and centrifugal. 
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Fig. 3. Cascade compression system, 


The reetprocating compressor is a piston-type pump and takes many variations in 
form, It may have one or more pistons set in various arrangements and may be 
driven by either a hermetically sealed eleetrie motor or an externally connected prime 
mover, There are other variations im types of valves, valve arrangement, cylinder 
cooling methods, aud capacity controls. Reciprocating compressors operate at 250- 
1750 r.p.m. and at maximum piston speeds of 750 feet per minute. The choice of 
type of compressor is based upon requirements for adaptability to variable load condi- 
tions, economy of floor space, power requirements, working life, and safety. 

A rotary compressor is shown in cross seetion in Figure 4, The rotor, earry- 
ing several vanes or blades, is mounted eccentrically within the water-cooled 
cylinder, In operation centrifugal forees hold the blades tightly against the cylinder 
wall, forming a mumbher of cavities which first increase and then decrease in size as they 
pass from the suction port to the discharge port. The low-pressure vapor is drawn 
into a cavity as it increases in size and then is compressed as the cavity decreases. 
The rotary compressor, like the reciprocating compressor, is of the positive displace- 
ment type. Because it is a high-volume machine, it has smaller dimensions than a 
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comparable reciprocating compressor. In addition, the rotary machine is free of 
pulsations and vibrations, does not require valves, and can be directly connected to a 
motor. The rotary compressor is used chiefly in multistage compression where the 
pressure differential does not exceed 30 p.s.i. and the maximum discharge pressure is 
20p.sig. However, itis very well adapted to vacuum technique (q.2.). 

The centrifugal compressor is a high-speed machine with one or more impellers 
keyed to a driven shaft and enclosed in a suitable housing. The impellers, which re- 
semble the closed impellers of a centrifugal pump, rotate at 2800-9000 r.p.m., depend- 
ing upon their diameters. The number, diameter, and speed of the impellers are 





Courtesy York Corp, 


Fig. 4. Cross section of a rotary compressor, 


based upon the compression ratio and the density of the refrigerant vapor. When 
more than one stage, or impeller, is required, the high-velocity vapor is conducted 
through a diffuser or volute, where its velocity is reduced with corresponding increase 
in pressure, and thence through a channel and guide vanes to the next impeller. The 
centrifugal compressor is not a positive displacement machine but, instead, develops a 
fairly constant head with a wide variation in quantity of vapor handled. It has a 
number of advantages, ineluding low weight-capacity ratio, minimum oil contamina- 
tion, and absence of vibration and pulsations. It is ideally adaptable to variable load 
applications. 


Absorption Systems 
Absorption-type refrigeration systems are used to some extent in both industrial 


and domestic refrigeration. The chief characteristic of the absorption machine is the 
elimination of the refrigerant compressor. The systems of importance today are 
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the ammonia absorption system, the intermittent absorption system, the Platen- 
Munters absorption system, and the lithium bromide—water system. 

Ammonia Absorption System. In this system the evaporator, condenser, and 
expansion valve are the same as in the vapor compression system. However, the 
compressor is replaced with a liquid pump and two other components, an absorber and 
a generator. The system is actually based upon the high solubility of ammonia m 
water at low temperatures and the reduced solubility at elevated temperatures. 

Figure 5 shows a typical ammonia absorption system. Ammonia vapor pro- 
duced in the evaporator passe to the absorber, where it is absorbed in water containing: 
only a small amount of ammonia (called weak aqua ammonia, or simply weak aqua), 
producing a strong ammonia solution (called strong aqua). The temperature of the 
solution is maintained sufficiently low that the vapor pressure of the ammonia in the 
solution is below the vapor pressure of ammonia existing in the evaporator. The 
absorber usually takes the form of several water-cooled shell-and-tube exchangers. 
The strong ammonia solution is then raised from the low pressure existing in the 
evaporator and absorber to the high pressure existing in the condenser by means of a 
raultistage centrifugal liquid pump. The pump delivers the strong aqua to the genera~ 
tor, where, through the application of heat, the ammonia vapor is driven from the 
strong aqua and weak aqua is again produced. The generator is actually a bubble- 
plate-type fractionating column which will yield a practically anhydrous ammonia 
overhead. The ammonia vapor theu passes to a water-cooled condenser, where it is 
condensed prior to transfer to the evaporator through the expansion valve. The 
dilute aqua from the generator is at a high temperature and is heat-exchanged with 
the strong aqua heing delivered by the pump, thus reducing the heat and cooling water 
requirements of the system. In the absorber the latent heat of condensation and the 
heat of solution of the ammonia must, be removed by the cooling water in order to 
keep the temperature sufficiently low. This heat, plus some additional heat, must be 
added in the generator, and then the latent heat again removecl in the condenser. 
‘The power requirements of the pump transferring the strong aqua are small compared 
to those of the vapor compressor, but the thermal energy requirements of the system 
are high, 

The ammonia absorption system has several favorable features which often dictate 
its choice in the process industry field. Where low-pressure steam, such as waste 
process steam, is available at low cost. operational costs are lower than for compression 
systems. The equipment is of such a type that outdoor installations are feasible. 
Maintenance costs are low, controls are simple, and operation at reduced loads with 
little loss of efficiency is possible. ; 

Intermittent Absorption System. As the name implies, this is not a continuous- 
system but cycles through a generating period and then an absorbing period. Re- 
frigeration occurs only during the absorbing period. Ammonia and water are most 
commonly used as refrigerant and absorbent. The generator also serves as the ab- 
sorber and the strong aqua pump is eliminated. In operation the ammonia is boiled 
from the strong aqua by the application of heat, condensed, and stored in a receiver. 
At the end of this period, the heat is turned off and cooling water supplied to the genera~ 
tor. The liquid ammonia is allowed to pass through the expansion valve to the evapo- 
rator and the vaporized ammonia is absorbed in the cooled weak aqua. The inter- 
mittent machine is usually automatically controlled; however, the discontinuous 
refrigeration is usually an undesirable feature and the machine has never been very 
successful. 
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Platen-Munters System. In this system, the aqua pump and expansion valve 
are eliminated by maintaining 2 constant total pressure throughout the system. 
Ammonia is the refrigerant and water the absorbent, and a third, mert constituent, 
usually hydrogen, is mtroduced in the evaporator and absorber, Natural circulation 
of the materials is produced by density differences on (he principle of the thermal or 
bubble pump. The presence of hydrogen in the evaporator lowers the partial pressure 
of ammonia in the vapor above the liquid ammonia and permits the ammonia to 
vaporize at a low temperature. The hydrogen-ammonia mixture is heavier than pure 
hydrogen and flows downward to the absorber, where the ammonia is absorbed in 
weak aqua. The ammonia-free hydrogen then rises to the evaporator again. “The 
strong aqua flows by gravity to the generator where it is boiled, through the applica- 
tion of heat, and the ammonia is released. A bubble pump built into the generator 
uses the ammonia vapor to lift, the weak aqua to a level above the absorber. The 
ammonia vapor is rectified and condensed and then flows to the evaporator. The 
weak aqua returning to absorber is heat. exchanged with the strong aqua flowing from 
the absorber. 

Machines based on the Platen-Munters system are used primarily for domestic 
refrigeration although larger machines are produced for indistrial use. 

Lithium Bromide-Water System. A more recently developed absorption re- 
frigeration machine utilizes water as the refrigerant sand lithium bromide solution as 
the absorbent and is commonly referred to as the Servel system. Fundamentally, 
this system is similar to the Platen-Munters system with aqueous Jithrum bromide 
solution replacing the water and water replacing the ammonia. The operation is 
based upon the reduction of the vapor pressure of water as it is absorbed in the salt 
solution. The entire system is maintained at a high vacuum (0.5-1 in. He absolute 
pressure) to permit the water to serve as the refrigerant. 

In operation, diluted lithium bromide solution is heated in a generator, usually 
with low-pressure steam, and part of the water is vaporized. The resulting concen- 
trated solution is raised by a bubble pump to a level where it can flow by gravity 
through the system. The water vapor is condensed and then flows to the evaporator- 
absorber. The material to be chilled flows through a coil im the evaporator section 
and a cooling water stream flows through the absorber section. The concentrated 
lithium bromide solution enters the absorber section and flows over the cooling water 
coil. The refrigerant (water) from the condenser flows over the coil in the evaporator 
section, picks up heat from the material heing chilled, and vaporizes. This vapor is 
then absorbed by the strong lithium bromide solution, and the heat of absorption 
is removed by the cooling water, The resulting solution then flows to the generator 
and the cycle is repeated. 

This system is used in small units (up to 5 tons) for domestic air conditioning. 
Modifications (Carrier) have been developed for commercial applications in sizes up 
to 700 tons. Chief uses are in water chilling and air conditioning. The lower tem- 
perature limit: attainable is only about 40° F. but the wide operating range (10% to 
full load) is highly advantageous. 


Steam Jet System 


The steam jet refrigeration system is a mechanical system in which the refrigerant 
is wasted. In fact, the refrigerant is the material being cooled. 
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If a warm volatile liquid is subjected to a pressure lower than its vapor pressure 
at its existing temperature, the liquid will boil. If heat is not supplied externally, the 
heat required to cause the boiling must be supplied by the liquid itself. In so doing, 
its temperature is lowered to the point where its vapor pressure corresponds to the 
pressure above the liquid. This is the basis of the steam jet system. The warm fluid 
to be cooled, usually water, is sprayed into the evaporator or cold tank of the system. 
A high vacuum is maintained in the evaporator by means of staged steam Jet ejec- 
tors. The warm water boils and a portion of it is vaporized. The latent heat of 
vaporization is supplied by a temperature drop in the main body of liquid. The water 
is then pumped from the evaporator in a cooled condition. The vapor produced is 
removed from the evaporator by means of the jets. The primary steam supplied to 
the jets as well as the vapor formed in the evaporator is discharged from the ejectors to a 
surface or a jet condenser. 

Steum jet refrigeration is limited in application to the cooling of water which, 
in turn, may be used to cool another material. The lower temperature limit is quite 
high, usually about 0°F., becanse of the lower pressure limits obtamable economically 
with steam jets. The space and weight requirements of a jet system are greater than 
those for a compression system but maintenance costs are very low. Operation of a 
jet system at reduced loads is not efficient unless several jets in parallel are used. Jet 
systems have been used in air conditioning (¢.v.) and to a considerable extent in the 
chemical industries. 


Heat Pump System 


The heat pump system is often referred to as the reverse cycle system, but it is 
actually a normal compression refrigeration system. The reversal refers to the pur- 
pose of the system—heating instead of cooling. In the refrigeration system, the re- 
frigerant gains heat in the evaporator from the surroundings. This heat plus the heat 
equivalent of the power input of the compressor are dissipated at the condenser. 
In the heat pump system, the refrigerant gains heat from a dependable heat source 
such as outside air, water, or the ground. his source may be at a relatively low 
temperature. The heat gained, as well as the heat of compression, are again dissipated 
at the condenser, but this heat is conveyed to the space to be heated. In actual prac- 
tice the same unit may serve as a refrigeration system in the summer and a heat pump 
system in the winter by interchanging the operation of the condenser and the evapora~ 
tor through a system of valves in the refrigerant circuit. 


Refrigerants 


A refrigerant used in a mechanical refrigeration system is a volatile fluid that 
_ possesses certain thermodynamic, physical, and chemical properties. There are a 
number of common refrigerants im use today and the choice of the best one for a 
particular application is usually based upon the operating conditions, the type of 
system, and its application. 

A suitable refrigerant must exhibit a number of qualities. The pressure-volume- 
temperature relationships must, be such that suitable evaporator and condenser pres- 
sures result at the required temperature conditions. Evaporator pressures above 
atmospheric pressure are preferred to eliminate air leakage into the system, but this 
condition calls for high condenser pressures. The condenser pressure is controlled by 
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the temperature of the cooling medium available and should he kept as low as possible. 
High pressures increase leakage and also the structural weight and cost of the equip- 
ment. The ratio of condenser to evapurator pressures should be low for efficient 
performance. The specific volume of the vapor at evaporator conditions should be 
low and the latent heat of the refrigerant should be high in order to reduce the volumes 
of vapor handled. The freezing point of the refrigerant must be below the lowest 
temperature attained in the evaporator and the critical temperature must be well above 
the temperature of the cooling medium supplied to the condenser. The heat-transfer 
characteristics of the refrigerant should be good in order to reduce the heat-transfer 
surfaces required, The escaping tendency should be low to limit leakage and the 
refrigerant should exhibit no toxic.or irritating effects. Fire and explosion hazards as 
well as panic hazard should be absent. Further, a satisfactory refrigerant must be 
available in commercial quantities at low cost, chemically stable, and noncorrosive to 
the parts of the system. The latter two properties are sometimes affeeted by the 
presence of water and therefore a drying agent, such as the soluble form of calcium 
sulfate, is often introduced inte the system. See Vol. 2, p. 776. 

The type of system used has an effect on the stress placed on some of the above 
properties and also brings up some additional desirable characteristics. In a recipro- 
cating compressor system, low volumes of vapor (the result of low. specific volume, 
high latent heat, and high evaporator pressures) are of much more importance than in a 
centrifugal compressor system, where low pressure and high vapor density (as with a 
high-molecular-weight compound) are prime requirements. In compression systems 
the effect of the refrigerant on the lubricantg is also a design factor. Both oil-soluble 
refrigerants (such as the Freons, and all hydrocarbons) and oil-insoluble refrigerants 
(such as ammonia and carbon dioxide) are in use today. 

Tn absorption systems the refrigerant and the absorbent must possess the proper 
properties when separated and when combined. In addition to most of the previously 
mentioned properties, the absorbent must be able to take up large quantities of the 
refrigerant at evaporator conditions and separation of the two must be readily ac- 
complished. A minimum heat of absorption is desired to reduce the heat loads on the 
absorber and the generator. 

The application of the refrigerant system also has a bearing on the relative impor- 
tance of the various properties of the refrigerant. For example, a hydrocarbon-type 
refrigerant finds excellent application in refineries, where it is readily available and 
where the fire hazard is not increased, Similarly, ammonia is widely used in inclustrial 
applications, but neither ammonia nor a hydrocarbon could be tolerated where the 
public safety might be jeopardized. The various compounds that have been used. as 
refrigerants at one time or another are listed in Table I and are classified on the basis 
of extent of use. _ 

In Table II some of the more common refrigerants are compared on the basis of 
physical characteristics and performance under fixed evaporator and condenser condi- 
tions. ‘The interesting point lies in the comparative constancy of power require- 
ments per ton of refrigeration (except for carbon dioxide) despite the wide variance of 
physical properties. The evaporator and condenser conditions used in this comparison 
- are the standard test conditions of the refrigeration industry. As the evaporator 
temperature is lowered the power requirements increase rapidly and the capacity of a 
given machine decreases. More extensive data on the various refrigerants are readily 
obtained from refrigeration handbooks and the refrigerant manufacturers. 
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TABLET L Compounds Used as 5 Refrigerants. 








Must common Intermediate Le: ast common 7 
Ammonia Diehloroct: hylene Carbon tetrachloride 
Carbon dioxide Tithane Dimethyl ether 
Dichlorodifluoromethane (Freon-12) Jéthylamine Ethyl] bromide 
1,2-Dichloro-t, 1 ,2,2-tetraftuoroethane Mthytene Ethvl ether 

(Freon-114) 

Dichloromonoflucromethane (Freon-21) Ethyl chloride Hexane 
Methylene chloride Tsobutane Methane 
Methyl chloride Methvlamine Pentane 
Monochloradifuoromethane (Freon-22) Methy) formate — Propylene 
Sulfur dioxide Propane Trichloromethane 
Trichloromonofluoromethaue (Freon-11) Water Monochiorotrifluoeromethane (Freon-13) 
1,1,2-Trichloro-1,2,2-trifluorocthane — Tetrafluoromethane (Freon-14) 


(Freon-113) 





TABLE TI. » Design Characteristies of Refrigerants. 


At Ser, evaporator temp. and 86°I*, condenser 














tenip.t 
7 Weight 
tirculated Displace- 
Heat, of Refripz- per ton of ment per ton 
___ Pressure 1, DSL, vaporiza- erating refrig- of refrig- 
—— tion at S°T,, offeet, eration, eration, Cyele 
Refrigerant B.ta1./Ib. Btu. /b. th, /min, mft./imin.  hp./ton 
. 0,822" 
Ammonia, 34,27 169.2 565.0 474.5 0.422 3.44 0.99] 
Carbon dioxide “331.95 1043.0 {17.6 55.50 3.528 0.948 1.843 
Freon-11 2.98 18.28 84.0 67 54 2.061 38,33 0.935 
Freon-12 26.51 107 .90 69.5 51.07 3.916 5.82 0.997 
Freon-21 42.02 174.5 109 a4 &9.41 2 287 20.43 0.926 
Freon-22 43.02 174.5 93.49 69.28 2.886 3.687 1.054 
Freon-113 0.98 7.86 70.62 53.67 3.672 100.75 1.002 
Freon-114 6.77 36.69 61.98 43.58 4.589 19.37 — 
Methy! chloride 21.15 94.70 180.71 150.3 1.3845 6,09 0.963 
Methylene chloride 4.9 85.3 162.1 134. 1 1.492 TA.456 0.965 
Sulfur dioxide 1L.81 46.46 169.4 l41.4 1 414 9.08 0.995 








* Tdeal cycle. 


Brines 


In many applications of refrigeration, a secondary fluid is used as a heat-transfer 
medium between the evaporator and the material to be cooled. This is termed the 
“indirect refrigeration system.” It is obvious that this method is not as efficient as 
the direct expansion method, since two heat-transfer steps are involved instead of one, 
thus requiring a greater temperature difference between refrigerant and warm sub- 
stance, 

The secondary fluids most commonly used industrially are aqueous. sodium or 
calcium chloride brines; thus the term brine has come into general usage to include all 
secondary liquids used to transmit refrigeration. A number of materials have been 
used as brines (see Heat-transfer media) and the choice and classification of a brine is 
usually based on the temperature levels at which it must function. - 

High-temperature brines are for use above 35°F.; the one most commonly used is 
water. Intermediate-temperature brines, operating between —30 and +35°F., in- 
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elude water solutions of sodium chloride, calcium chloride, ethylene glycol, and sugar. 
Low-temperature brines are for temperatures below —30°F. Aqueous solutions are 
usually not applicable in this region because of freezing or very high viscosities. 
Trichloroethylene and methylene chloride are typical low-temperature brines. 


Costs 


Mechanical refrigeration is applied in the chemical industries chiefly by direct 
expansion and indirect-briue systems and also by direct addition of water ice. The 
particular application usually governs the method emploved. The equipment and 
operating costs of refrigeration vary with the method, the operating conditions, the 
machine capacity, and also the cost of utilities. Because of the lack of interrelation- 
ship between these factors, a single value for the cost per ton of refrigeration cannot be 
obtained. However, the cost of the equipment can be generalized on the basis of 
capacity and evaporator temperature. ‘Table IIT shows the initial costs for a com- 
plete direct expansion refrigeration system installed and ready to operate. These 
values ave exclusive of building costs, power sources, etc. Although the costs ure based 
on compression systems, the values for absorption systems are competitive. 


TABLE III. Installed Costs for Refrigeration Systems. 











Cost, on of capacity, with evaparator temp. of: 














Capacity, tens of refrigeration “ROP, acl. —20°F, 
0-50 800~-1000 1000-1500 1500-2000 
50~250 700-800 800-1000 1200-1500 


240-1000 600-700 700-800 1000-1200 





The cost of ice-producing machinery is a function of the size of the plant and the 
form of the ice. Ice is mace as can ice, flake ice, and eube or tube ice. Can ice 
takes the form of 300-pound blocks measuring 11 * 22 X 44 inches and is usually 
erushed for use. Flalce ice is in the form of thin chips about !/is inch thick. Cube ice 
and tube ice are small cylinders or cubes with dimensious of approximately 1 inch. 
The initial costs per ton capacity for can systems and flake ice systems, delivered 
and erected, are given below: 


Can systetn Flake ice system 


Capacity, tons.......... 10 100 { 100 
Cost, $/ton.. 6.0.0.6... 2800 1600 3500 1500 


A linear relationship between cost and capacity may be assumed over the ranges 
given. Flake ice machines are built in sizes varying from 300 pounds to 30 tous. 
Higher capacities are obtained through multiple units. Cube ice machines are of 
relatively small sizes. A unit capable of producing 500 pounds per day has an initial 
cost of approximately $3000. 


Applications in Process Industries 


Mechanical refrigeration is used in many of the process industries to accomplish 
a variety of ends. It is impossible to enumerate the individual applications but they 
‘an be classified according to purpose. ‘This classification would include the following: 
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j. Air conditioning 
2. Recovery of condensable vapors 

a. Reaction vent gases 

b. Vacuum-system vent gases 
3. Condensation of gases and vapors 
4, Product cooling 
5. Reaction control 

a. Cooling of process fluids 

b. Removal of heat of reaction 
6. Lyophilization (freeze-drying) 
. Crystallization 


In industrial air conditioning, the refrigerating effect may be applied through 
direct expansion, in which case the evaporator temperature is maintained above 32°F., 
or through an indirect methorl using brine or water. The applications of air condi- 
tioning in the chemical industry are numerous (see Air conditioning). 

Relrigeration is often used to recover volatile products and reactants that normally 
are lost with vent gases from process equipment. The ejector gases from vacuum- 
distillation units are typical of those so treated. Similarly, by-product gases from 
reactions such as dehydrogenation are often stripped of volatile compounds with re- 
frigeration. The refrigeration is usually applied by indirect-brine methods. The 
bring temperatures used are determined by the concentration, vapor pressure, and 
value of the materials to be recovered. 

Materials that are gases under normal conditions are often liquefied through the 
application of pressure and refrigeration. Refrigerated condenser water is used on 
alkylation units to hold down the pressure and temperature and improve the yields of 
aviation fuel components. 

Refrigeration is required in the production of liquid chlorine. The chlorine is 
compressed with a sulfuric acid~cooled compressor; because of physical limitations, 
the maximum discharge pressure is about 50 p.s.i.a. Chlorine, at this pressure, con- 
denses at 28°F. and thus requires refrigeration. The condenser is cooled either with 
brine or by direct expansion of the refrigerant. Because of the varying amounts of 
inert gas that may be mixed with the chlorine, the condenser temperature may be 
held as low as —50°F. The small amount of chlorine leaving the condenser with the 
inert, called ‘sniff gas,” is often recovered in another condenser operating at — 85°F. 
The earlier plants used ammonia-brine systems or, for lower temperatures, carbon 
dioxide systems. More recently direct expansion Freon-12 systems and indirect 
systems using Freon as the brine are being used. The refrigeration requirements for 
condensing chlorine are 1-1.25 tons of refrigeration per ton of chlorine condensed per 24 
hours. 

Refrigeration is often used when rapid cooling of a material is required. In the 
plastics industry, monomers, such as styrene, and partially polymerized resins at 
elevated temperatures are frequently chilled quickly by refrigcration to prevent further 
polymerization. In other cases, refrigeration is applied to minimize decomposition 
which might occur at elevated temperatures. 

Process fluids may be cooled prior to entrance to the reactor, or the heat of reac- 
tion may be removed from the reaction mass by refrigeration in order to control the 
reaction rate. When dilution of the reactants with water is permissible, the direct 
addition of water ice is an effective cooling method. Flake ice has been favored for this 
purpose and is used to control diazotization reactions in the production of some dyes. 
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A considerable amount of refrigeration is used by the brewing industry to control the 
fermentation processes. 

Lyophilizing, or freeze-drying, consists in freezing a wet material and then drying 
it in a very high vacuum. ‘Freeze-drying is widely practiced in the drug industry, 
where many of the products would decompose if not dried but would alsu decompose if 
dried at elevated temperatures. Asa typical example, blood plasma is dehydrated by 
lyophilizing to render it stable for prolonged periods of time. The plasma is first 
frozen either in bottles or in bulk at temperatures below — 20°F. It is then placed in 
lyophilizing cabinets where the pressure is maintained at 500 microns for the first + 
hours and 90 microns for the next 15 hours. These pressures correspond to vapor 
pressures of ice at —13°F. and ~40°F., respectively. In order to maintain these 
pressures, the water vapor leaving the plasma is frozen out on condensing surfaces 
held at sufficiently lower temperatures. ‘Direct expansion Freou systems are usually 
used; the refrigeration requirements for freezing and drying are approximately 5 tons 
of refrigeration per 100 pounds of dried plasma per 24 hours. Similar operations are 
carried out in the production of antibiotics, such as penicillin, and glandular products, 
such as insulin and liver extract. 

Cooling by mechanical refrigeration is sometimes employed in crystallization 
operations. Lubricating oils are dewaxed to improve the pour point of the oil by 
passing the oil through a direct expansion chiller. The oil temperature is lowered to a 
predetermined point and the wax contained in the oil crystallizes, leaving only an 
equilibrium amount of wax dissolved in the oil. The wax is then filtered from the oil 
and further refined. In the subsequent refining, the wax is dissolved in a benzenc— 
methyl ethyl ketone solution and recrystallized on a brme-cooled rotary flaker. In 
this particular application ammonia is the usual refrigerant and kerosene is used as the 
brine. 

The use of refrigeration in the process industries is increasing tremendously 
and it is impossible to describe each application. In fact, many of the more recent, 
applications are still closely guarded secrets and no worth-while information is avail- 
able. On the other hand, the methods of producing refrigeration are fairly well 
standardized and the manufacturers of refrigeration equipment are in a position to 
supply refrigeration down to —200°F, for any particular application that may be 
developed. SeealsolInsulation, thermal; Low-temperature technique. 
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REPPE CHEMISTRY 


The term “Reppe chemistry” is used to designate that phase of acetylene chemistry 
involving the use of acetylene at pressures in excess of ] atm. It was developed by 
Walter Reppe and his associates, bogiuning in 1928, at the Ludwigshaten/Rh. lahora- 
tories of the I. G. Farbenindustrie. Through usage, this term has been extended 
to include the utilization of the products obtained under these conditions as inter- 
mediates for subsequent synthesis. Since 1941, this phase of acetylene chemistry has 
been under active development: in the United States by General Anilme & Film Cor- 
poration and, to sume extent, by other companies. 

This unique development in the chemistry of acetylene is characterized by four 
fundamental reactions of more or less general applicability. These are vinylation, 
ethynylation, eyclopolymerization, and carbonylation. Since the common feature 
of these reactions is the use of acetylene under pressure, the teehniques which were 
developed for handling this thermodynamically unstable material under these condi- 
tions are of essential myportance. 


Handling of Acetylene under Pressure 


The development of Reppe chemistry became possible ouly as entirely new tech- 
niques were devised for handling acetylene at pressures and temperatures previously 
considered too hazardous for commercial application. Acetylene will decompose 
spontancously at elevated pressures or at more moderate pressure if exposed to a source 
of high energy, even in the absence of air, Such decompositions may develop into 
explosions or detonations producmg instantuleous pressure rises up to 200 times the 
initial pressure. Although no technique has yet been found which will completely 
prevent the decomposition of this gas uuder all process conditions, Reppe was suecess- 
ful in devising practical methods for moderating such decompositions so that detoua- 
tions would not develop. Two general methods for preventing the explosive decom- 
position of acetylene are now available. They vary with the partial pressure of acety- 
lene required for the particular reaction. 

When relatively low partial pressures are used, a simple dilution of the acetylene 
with an inert gaseous dilueut, such as nitrogen, methane, or propane, is preferred. 
The degree of dilution necessary to insure nonexplosive conditions is dependent upou 
the nature of the diluent, the temperature of the system, and the total pressure under 
which the reaction is conducted. Batch processes as well as some continuous opera- 
tions (such as the vinylation of the lower aliphatic alcohols) are usually carried out by 
using the dihition technique. This method may be modified by using the vapor of 
one of the veactants as the diluent. For example, methanol vapor may be used as a 
diluent in the vinylation of methanol, 

When higher acetylene partial pressures are required, the dilution technique is not 
applicable and the general method of reducing the free space within the operating 
equipment to a minimum is preferred. The application of this principle necessitates 
the use of small-bore lines for transmitting acetylene under pressure and the filling of 

_ all process lines larger than 1 inch in diameter with bundles of small tubes 14 inch or less 
in diameter. Bends in the piping system and all other free space within the equip- 
ment must be subdivided into small voids by means of suitable fillers, such as steel 
Raschig rings. This subdivision effectively prohibits the formation or propagation of 
an explosive wave and limits the hazards of handling highly concentrated acetylene 
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under pressure to a slow decomposition with a resulting relatively slow pressure rise ta 
about 12 times the itttial pressure. All parts of the equipment must he built te 
withstand such pressures, 

The compression of the acetylene to the desired working pressure is carried out 
as ustial with slow-speed multistage piston compressors, submerged in water for ade- 
quate cooling, or with especially constructed water-sealed centrifugal compressors of 
the Nash Flytor type. 


Vinylation 


The term “vinylation” denotes the addition of aleohols, mercaptans, acids, ammes 
and amides to acetylene to give the corresponding vinyl (CHy--CH—) derivatives, 
namely, vinyl ethers, vinyl thio ethers (sulfides), vtivyl esters, vinvlamines, and vinyl- 
unides (see alsa Vinyl compounds). In general, the reaction is applicable, with a few 
exceptions, to all organic compounds containing a reactive hydrogen, The best knowu 
reactions, however, nay he summarized by the following equations: 











ROH + CHssCH ———> RO—CH=CH, (1) 
RSH + CH=SCil 2 RA—-CH==CH, (2) 
RCOOH + CH=CH m—— RCOO—CH=-CH: (3) 
R.NH + CH=CH ——> R.N-— CH=CH, (4) 
RCONHRS + C.H, —-—— RCON R—CH=Clh (5) 


Although the reaction conditions, such as temperature, pressure, catalyst, and 
solvent, necessary to effect any of the above conversions may hy necessity vary with 
the particular type of compound to be vinylatecl, in general, the reaction is usually 
arried out within the temperature range 120-!80°C, and in the presence of allaline 
substances as catalysts. Alkali metals, hydroxides, or salts which give an alkaline 
reaction in solution are particularly favorable catalysts for the vinylation of alcohols, 
mercaptans, and amides. However, in the vinylation of certain acids, and amines, 
azine and cadmium salts, especially the acetates, benzoates, ov naphthenates, are 
used advantageously as catalysts. In general, pressures of the order of 1-15 atm, 
are sufficient to effect the desired vinylation. In all cases, the acetylene is mixed 
with a suitable diluent, such as nitrogen, propane, or vapors of the reactant or 
solveut, as a safety precaution. 


VINYL ETHERS (ROCH=CH:) 


The addition of alcohols to acetylene occurs readily with primary and secondary 
aliphatie aleohols, but tertiary alcohols react more slowly. Polyfunctional alcohols, 
such as 1,8- and 1,4-butanediol, ethylene glycol, and sorbitol, may be vinylated; 
however, with eompomnds in which the hydroxyl groups are 1,2- or 1,3- with respect 
to each other, the reaction is frequently accompanied by cyclic acetal formation, 
Cyclohexanol, decahydronaphthol, hydroahietinol, terpene alcohols, aud others 
likewise yield vinyl ethers. 

Although, in general, phenols react less readily than alcohols, vinyl ethers of 
phenol, naphthol, and so forth can be prepared in satisfactory yields in the presence 
of alkaline catalysts. However, in the presence of zine or cadmium salts, phenols 
react with acetylene to give resinous products which arise by the rearrangement of the 
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intermediate vinyl ethers. When p-lert-butylphenol reacts in this fashion, the prod- 
uct is a useful rubber tackifier, sold under the name Koresiu: 


gut QCI=CIh Of oH, 
. fi oo ™ f ~ —c} 
cH=cH + | | —- | —> || u 
NN Y | A | 
(CHa) C(CHs) OCH) J = 


Woresin is soluble in aliphatic hydrocarbons and drying oils; furthermore, it is com- 
patible with natural and Buna rubber, to which it imparts the necessary tack for many 
fabrications. Koresin is also used to modify the rheological properties of various 
formulations. 

Except for vinyl methyl ether, which is a gas at room temperature, the simple 
vinyl alkyl ethers are colorless liquids. However, as the alkyl series is ascended the 
long-chain vinyl ethers, such as vinyl octadecyl ether, become solids. The vinyl 
alkyl ethers are sparingly soluble in water and are miscible with a variety of organic 
solvents. The lower alkyl vinyl ethers are readily hydrolyzed by dilute aqueous acid 
at room temperature to give acetaldehyde and the corresponding alcohal, The vinyl 
ethers have pleasant odors andl, in spite of the anesthetic action exhibited by the lower 
members, they are essentially nontoxic. Because of its prolonged action and the ab- 
sence of undesirable side effects, vinyl ethyl ether has shown considerable promise in 
general anesthesia. The lower alkyl vinyl ethers are available im drum to tank car 
quantities in the U.S. 

Vinyl Ether Polymers. The vinyl ethers are characterized by the ease with 
which they are polymerized by such typical Lewis acids as boron trifluoride, stannic 
chloride, and aluminum chloride. Unlike many other vinyl compounds, the vinyl 
ethers are polymerized only very slowly by free-radical initiators, and the polvmers are 
viscous liquids of low molecular weight. They can be copolymerized, however, ‘iu 
minor proportions with vinyl chloride, vinyl acetate, acrylonitrile, and many other 
monomers in the presence of free-radical catalysts. 

The vinyl alkyl ether polymers represented by the Hnear strueture +CH.— 
CH(OR)—-CH,—CH(OR)+, exhibit a variety of physical properties. Depending 
upon the vinyl ether employed as well as the polymerization procedure, these poly- 
mers may vary from water-soluble balsamlike materials to elastomeric solids. The 
polyvinyl alkyl ethers are soluble in most eonmmon organie solvents; in addition, they 
are compatible with a variety of natural and synthetic resins. The lowest member of 
the series, polyninyl methyl ether (PVM), has the unusual property of being soluble in 
cold water but not i hot water, Dilute aqueous solutions of polyvinyl! methyl ether 
show cloud points at about 33°C.; heating to temperatures slightly above the cloud 
pot results in precipitation of the polymer. Exeept for polyvinyl methyl ether 
and the polyvinyl ether of 3-hydroxytetrahydrofuran, all other polyvinyl ethers are 
insoluble in water. 

One of the unique properties of polyvinyl methyl ether is that it is a nonionic 
heat sensitizer or coagulant for natural and synthetic latexes. Formulations based 
on polyvinyl methyl ether have a definite temperature range of precipitation which 
permits the rapid preparation of thick-walled iubber dip articles and coatings. 

‘The rubberlike polymers of the vinyl butyl ethers have outstanding adhesiveness 
and low-temperature flexibility. Formulations containing high-molecular-weight 
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polyvinyl isobutyl ether (PVD) can be applied to cellophane from hydrocarbon solvents 
to give excellent pressure-sensitive transparent tapes with aging characteristics su- 
perior to those containing natural rubber. 

The unusual properties of the polyviny! alky] ethers are exemplified by the use of 
these materials in such diversified applications as tackifiers, plasticizers, adhesives, 
cements, heat sensitizers, oil additives, lacquers, and as additives to sizes aud finishes 
in the paper, textile, and leather fields. Depending upon the application and chemical 
composition, the polyvinyl alkyl ethers were marketed in Germany under the trade 
names Igevius, Oppanols, Densodrins, and others. Polyvinyl methyl ether and 
polyvinyl isobutyl ether are available in various viseosity grades and forms in drum to 
carload lots in the U.S. 

Vinyl Ether Copolymers. The vinyl alkyl ethers ean he copolymerized in bulk, 
emulsion or solution, in the presence of peroxide catalysts, with acrylonitrile, acrylic 
esters, vinyl chloride, and other polymerizable wnsaturates to give copolymers with 
improved flexibility and solubility. Copolymer emulsions (Acronals) prepared from 
the lower alkyl vinyl ethers and acrylic esters are used in Europe as adhesives and in 
the production of artificial leather. Vinyl isobutyl! ether copolymerizes with vinyl 
chloride to give a copolymer ( Vinoflex MP 400) with inyproved solubility and stability. 
Vinofles MP 400 is used in the preparation of adhesives and im corrosion-resistant 
lacquers. 

The copolymers of vinyl alkyl ethers and maleic anhydride (see Vol. 8, p. 680) are 
of particular interest, The monomers do not form homopolymers hy free-radical 
initiation; however, m combination and in the presence of peroxide catalysts, they 
yield linear copolymers consisting of alternating vinyl ether and maleic anhydride 
units. 


OR HO Et 
| | 
CI-——CH-- —C Ce 


O==C0 C=O 
s, va 
N( ¥ n 





The otnyt methyl cther-maleie anhydride copolymer (PVM/MA) is a white amor- 
phous powder which is saluble in water, alcohols, ketones, and esters. Solution of the 
copolymer in water or alcohols is accompanied by its conversion to the corresponding 
polymeric acid or partial ester. The anhydride linkage is cleaved similarly by am- 
monia and primary or secondary amines. Hydrolyzed PVM/MA and its carboxylic 
acid derivatives are particularly useful as leather stuffing agents, and as sizes and 
finishes for textiles. 

Vinyl methyl ether-maleic anhydride copolymer can react with polyfunctional 
alcohols or amines to give insoluble products. In combination with polyvinyl alcohol, 
PVM/MA has been used as an assistant in dyeing glass fibers and as a permanent 
finish for cotton (Appretan PF). 

The wide compatibility of PYM/MA with water-soluble gums and resins and the 
viscosity of its aqueous solutions have suggested its use in adhesive applications and 
as a thickening agent. PVM/MA, its half amide and esters are available in drum 
to carload lots in the U.S. , 

Other Vinyl Ether Derivatives. In addition to polymevization, the vinyl ethers 
represent unusually reactive systems which may be used for the preparation of other- 
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wise inaccessible compounds. The vinyl ethers react readily with hydrogen, hydrogen 
halides, halogens, hydrogen cyanide, and so forth to give the anticipated addition 
products. As already indicated, the lower alkyl vinyl ethers particularly are readily 
hydrolyzed by dilute aqueous acid to give acetaldehyde and the corresponding aleobol. 
However, the addition of alcohols, phenols, and carboxylic acids to the vinyl ethers 
proceeds smoothly in the presence of anhydrous acidic catalysts to give acetals or 
acylals (cther esters) according to the following equations: 
OR! 
ROCH:=CH, -+ R’OH ——> Rvu- -C-—CH, 
| 
I 
OOCR’ 


. | 
ROCT=CIly -- R’/COOH ——> RO—C-—CH, 


i 


One of the more interesting reactions of the vinyl ethers is the addition of acetals 
to give polyalkoxy acetals (1,1,3,5,7,2-polvalkoxyalkanes). This reaction, for which 
boron trifluaride is a particularly favorable catalyst, may be Wlustrated as follows: 


On ) 
HROCEL: CEE + CESCHHCOR Ja ————> GHAGH: —CIb WCHCOR Js 


Depending: upon the ratio and the constitution of the vinyl ether and acetal initially 
employed, a variety of products with different, physical properties can be prepared. 
The 3,4,? a-palymethory dimethyl acetals (PMAC) have shown considerable promise 
as lubricating base Auids, plasticizers, and phenolic resin modifiers. The polyalkoxy 
acetals may be subjected to hydrogenolysis to give polyalkoxy ethers. 

Since the polyalkoxy acctals are terminated by an acetal linkage, they are readily 
hydrolyzed by dilute aqueous acid to aldehydes which can be subsequently bydrogen- 
ated to the corresponding polyalkoxy alcohols (3,5,7,c-polyalkoxyalkanols): 


OR. OR 
120 Lic} 
H 


Cid tt —-Cltey wCH(QOK)y ———> OHy nee) wCHO ———> 


z 
(Eo 
CH, \CH— —CHy7, CHO 

The polynethuxy alcohols (PMAL) show pramise as plasticizer intermediates, 
solvents, and eomponents for hydraulic and hubricating fluids. 

The addition of acetals to vinyl ethers has been extended to include the addition 
of orthoformic esters. Thus, vinyl alkyl ethers react readily with allyl orthoformates 
in the presence af boran trifluoride to give malonaldehyde tetraalky] acetals: 


ROCH=s=CHa + CH(OR)s ——— (RO»CHCIRCH(OR), 


The product is u masked dialdebyde and hence is capable of undergomg reactions 
characteristic of aldehydes. Tt is available in pilot plant quantities in the United 
Stites. 

Halogenation of vinyl ally] ethers in the presence cf an alcohol yields the corres- 
ponding halo acetals. The reaction is preferably carried out in the presence of a base. 
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The synthesis of dimethyl chloroacetal (1-chloro-2,2-dimethoxyethane) may be illus- 
trated as follows: 


CH,OCH=CII, 4- Cl, + CH,OH ~——> CICII,CH(OCIL): +- ICI 


Dimethyl chloroacetal is a versatile bifunctional reagent which can react either as an 
alkyl halide or as a source of an aldehyde, or both, depending upon the reaction con- 
ditions. It is a particularly useful intermediate in the synthesis of sulfathiazole 
(see Suifa drugs). Dimethyl chloroacctal is available in tank car quantities mn the 
US. 

The vinyl alicyl ethers react with ammonia in the presence of cuprous chloride- 
ammonium chloride catalysts to give 2-méthyl-5-ethylpyridine (see p. 287). 


HiCy” . 
4ROCH=CH: + NH; ——> — i, + 4ROH 
ON CH; 


2-Methyl-5-ethylpyridine is now produced commercially from acetaldehyde and ain- 
monia and may also be prepared from acetylene and ammouia. It can be oxidized 
to nicotinic acid (y.v.). Furthermore, it is an intermediate in the synthesis of 2- 
methyl-5-vinylpyridiue (see p, 291) and 5-ethyl-2-vinylpyridine, which are potentially 
useful as comonomers with acrylonitrile for the production of dyeable fibers. 


VINYL THIO ETHERS (VINYL SULFIDES, RSCH==CH;) 

Aliphatic and aromatic mercaptans react readily with acetylene, under sub- 
stantially identical conditions with those employed in the preparation of vinyl ethers, 
to give the corresponding vinyl thio ethers. Hydrogen sulfide reacts with acetylene 
in the presence of alkaline catalysts; however, the expected vinyl] mercaptan is not. 
isolated but is converted by excess hydrogen sulfide to ethyl mercaptan and by poly- 
merization to Thiokol-type resins (see Rubber, synthetic) or thiotrialdehyde. Sub- 
sequently, the ethyl mercaptan may be vinylated to give vinyl ethyl sulfide. 


HS 
CH=CH -+ HS ———> CH;=CHSH ———> CII,CH,SH + 8 


Lo | | HCO=ci 
Thiokal-type resins 


(CH;CHS)s CH;CH.SCH==CH;, 


Tn contrast to the vinyl ethers, the yinyl thio ethers are characterized by the re- 
luctance with which they undergo addition reactions. Thus, hydrolysis and hydro- 
genation of the vinyl thio ethers are accomplished with more difficulty. However, 
the addition of hydrogen sulfide, mercaptans, and alkali metal bisulfites to the vinyl 
alkyl sulfides proceeds smoothly in accordance with the following equations: 

2 RSCH=CH, + HS ———+ RSCH,CHSCHLCHSR 
RSCH==CH, + R’SH ———> RSCH.CHSR’ 
RSCH==CH2 + NaHSO,-_——> RSCH,CH,SO;Na 
The vinyl alkyl sulfides can be oxidized with hydrogen peroxide or hypochlorites 


to give the corresponding vinyl sulfoxides or vinyl sulfones. With either sodium 
hypochlorite or hydrogen peroxide at low temperatures, the vinyl sulfoxides are ob- 


REPPE CHEMISTRY 655 


tained; whereas, with an excess of hydrogen peroxide at higher temperatures, the vinyl 
sulfones result. 


RSC: + WO, > RSOCTRCH, + ILO 
RSCHssClT, + 2 TL.O, ares RSO.CH==CH, + 2 FLO 

The vinyl sulfoxides and sulfoues exhibit a pronounced inerease over vinyl thio 
ethers in reactivity toward the addition of alcohols, mercaptans, hydrogen sulfide, 
aintues, sulfinie acids, and alkali bisulfites. 

Although the polymerization of vinyl allyl sulfides has been reported to occur with 
free-radical and ionic catalysts, very little information is available on the degree of 
polymerization and properties of these polymers. Reppe has stated that their dis- 
agrecable odor and their doubtful physiological properties militate against the technical 
use of the vinyl sulfides, vinyl sulfones, and vinyl sulfoxides. 


VINYL ESTERS (RCOOCH=UE) 

‘The lower aliphatic acids, such as acctic acid, react readily with acetylene when 
properly catalyzed at ordinary pressures. Ag the series of alkanoie acids is ascended, 
however, the reaction becomes less satisfactory until with butyric acid it is impractical. 
Reppe observed that by increasing the acetylene pressure and employing ziuc or 
sudmiun sults of the appropriate organic acid as catalysts, substances such as vinyl 
stearate, vinyl oleate, vinyl benzoate, and vinyl tall oil could be readily produced. 
Although the vinylation of high-boiling acids can be accomplished without pressure, 
the reaction is more generally carried out with diluted acetylene at about 200 p.s.i.g. 
at a temperature of 160-180°C. Since minor quantities are required, the zine and 
aidmiun salts apparently function as true catalysts: 


ROOO) s% . 
RO 0O)  RCOUUHE=CH, 





RCOQOIL - HCssClit 


The vinyl esters of higher fatty acids can be polymerized in bulk, emulsion, or 
sohution with peroxide initiators. In addition, they can be copolymerized with vinyl 
acetate, vinyl chloride, acrylic esters, and so forth to give copolymers with improved 
water sensitivity and low-temperature flexibility. Polymerized vinyl tall oil esters 
have been used in Germany as a replacement for linseed oil in lacquers as well as 4 
textile size. Copolymers of viny) benzoate with vinyl acetate and with methyl metha 
crylate were employed as lacquer raw materials and surface-coating compositions, 

Various vinyl esters are available in limited quantities in the U.S. 


VINYLAMINES (R,NCH=CH) 


Vinylation of primary and secondary aliphatic amines in the presence of alkaline 
catalysts invariably results in the formation of intractable resins. Similarly, uo uni- 
form reaction produets can be isolated from the vinylation of such aromatic amines 
aw aniline and cthylaniline, 

Less basic secondary aromatic amines such as diphenylamine and phenylnaphthyl- 
amines, however, are readily vinylated to give the corresponding vinylamines. Simi- 
larly, pyrroles, indoles, and imidazolmes give well-defined N-vinyl compounds. 
These vinylations, which may be carried out in solution or suspension, are effected at 
temperatures between 150 and 200°C. under pressure and in the presence of alkali, 
zine or cadmium oxide, or their salts with organic acids as catalysts. 


656 REPPE CHEMISTRY 


Of the vinylamines, V-vinylearbazole has attained the greatest industrial impor- 
tance. 
H CH= CTs 
| 


On, UN, va va un a 
| | + Ho=cn > ( | [ J 
va Ne, 


Vinylearbazole can be polymerized by heating, either alone or in the presence of acids 
or oxidizing agents, to give a high-softening, thermoplastic resin with outstanding 
electrical properties. Substantial quantities of polyvinylearbazole were produced 
during World War II under the trade name Luvican in Germany and Polectron in the 
US. as a replacement for natural mica in the field of electrical insulation. At present 
vinylearbazole is used as a capacitor impregnant in the U.S. 

The vinylation of tertiary allcylamiues gives the trialkylvinylammonium hydrox- 
ides: 








HO H¢= CH 
RyN —— > [RuNH|tOH> —— > [RuN—CH==CH,] tO 


VINYLAMIDES (RCONKRCH==CH,) 

Reppe applied the knowledge gained in the vinylation of the less basic amines to 
the addition of certain amides to acetylene. Thus, in the presence of their alkali 
metal salts and at temperatures between 130 and 160°C, carboxylic acid amides 
(includmg cyclic amides) having a single hydrogen atom on the nitrogen react with 
acetylene under pressure to give stable N-vinyl derivatives in good yields. 

Vinylation of 2-pyrrolidone in this manner yields 1-vinyl-2-pyrrolidone: 


|-o + HO=CH ——-+ 7 _ 





“NLC * ‘iN a 
H b H=CHy 


Vinylpyrrolidone, which is available in drum lots in the ULS., is a colorless liquid, hip 
123°C. at 50 mm,, and is very soluble in water, alcohols, cthers, as well as a variety 
of other solvents. In the presence of free-radical catalysts, vinylpyrrolidone polym- 
erizes with itself, or with other monomers, such as acrylic esters, acrylonitrile, vinyl 
chloride, or vinyl esters, to give polymers of unusual properties. 

Homopolymerization of vinylpyrrolidone can he effected in bulk, solution or sus- 
pension in the presence of fight or peroxide catalysts to give polyvinylpyrrolidone 
(PVP): 


| 
i—-CH--CI | 
The polymerization is advautageously carried out in aqueous solution with hydrogen 
peroxide as the initiator and in the presence of a small amount of an amine or ammonia 
as an activator, Depending upon the polymerization conditions, polymers with vari- 
ous degrees of polymerization or molecular weights can be prepared. 
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Polyvinylpyrrolidone, available in carload lots in the U.S., is a hygroscopic, 
white powder which is representative of a new class of polymeric materials soluble in 
water and in a variety of organic solvents. The polymer also possesses other unusual 
properties such as its physiological compatibility, its sohrbilizing and detoxifying ac- . 
tion, its protective colloidal activity, and its ability to prolong the activity of certain 
dings, 

A solution of 3.5% PVP with an average molecular weight of about 40,000 in 
normal saline has a relative viscosity and an oncotic pressure approaching that of blood 
serum. Such PVP-galine solutions have been used extensively in Germany (Periston) 
and in France (Subtosan) as blood plasma expanders in pathological conditions re- 
quiring restoration of blood volume. At present, polyvinylpyrrolidone (Plasdone) is 
undergoing critical clinical evaluation in the U.S. for this application. Large quanti- 
ties have been purchased by the Armed Forces and the Federal Civilian Defense 
Agency for stockpiling in the event of a national catastrophe (see also Plasma ex- 
panders, Vol. 10, p. 759). 

Polyvinylpyrrolidone bas been used in combination with penicillin, procaine, 
insulin, salicylates, hormones, and other digs to prolong activity and improve dis- 
persion. Furthermore, PVP exercises a detoxifying effect in vive upon several toxic 
dyes and certain toxins. PVP also combines with iodine to give a nonirritating, 
practically nontoxic complex with bactericidal properties (see ulso Tedine preparations, 
Vol. 7, p. 981), 

Polyvinylpyrrolidone has shown equal versatility in nonpharmaceutical applica- 
tions. PVP is an amazingly effective stripping aid for vat, sulfur, and direct dyes 
(Peregal ST, Albigen A). Furthermore, PVP is of interest as a film-formmg polymer, 
suspending agent, and a thickening agent in the soap, cosmetic, and food-processing 
industries. It is heing used as a replacement for shellac and other natural gums in 
hair fixative mediums and other cosmetic preparations. It is also excellent for pre- 
venting the redeposition of soil during washing with heavy-duty detergents. PWP 
has been employed us a replacement for natural gums in certain lithographic and print- 
ing PvOcesses, 


Ethynylation 


The term “ethynylation” is used to designate the addition of acetylene to au 
aldehyde (or ketone) to give compounds in which the ethynyl group, CH==C—, is 
retained in the molecule as indicated in the following equations: 


QO gu 
nett + HCssCH ——— RCH--C==CH 


Of QO OH ( fH 
ROH —C=cH + nou _—— ROH C= 3--CHR, 
OIF ‘ gu va 
Re H --C=CH + R’CH —> RCH—C==C--CHR’ 





Depending upon the nature of the aldehyde used, the reaction conditions may 
vary; however, the temperature is usually about 100°C. and the pressure 3 atm, or 
higher. The reaction is carried out within the pH range 2-7 in the presence of copper 
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acetylide which is deposited in a finely divided state on a suitable carrier, such as silica, 
In the addition of acetylene to ketones, however, alkali, alkaline earths, or aleoholates 
are used instead of copper acetylide as the catalysts. 

The ethynylation reaction is in a sense a general reaction by which it is possible 
to prepare cither mono- or polyfunetional acetylenic alcohols. Thus, by varying the 
reaction conditions (pressure, temperature, solvent, ete.), the proportion of the two 
types of products may be varied. It is also possible that, in the presence of copper 
acetylide, the monofunctional acetylenic alcohol may react with a different aldehyde 
to givea mixed alkynediol. 

Reppe extended the ethynylation reaction further to include the reaction of acety- 
lene or its homologs with certain amines and aldehydes to give cither aminopropynes 
or amimobutynes: 

HC=CU + CHO + NHR, ——> liCseC-—-CIRNRe, + [LO 
HCCI + CH,CHO + NETR, ——> GH,CH(NR)CssCH -+ HO 

The syuthesis of d-diethylamino-2-pentanol, avn mtermediate in the synthesis of 
pamaquine (Plasmoquine) and quinacrine (Atabrine) (see Afalaria chemotherapy, Vol. 8, 
pp. 664, 668) is an interesting illustration of tivo types of ethynylation: 


OH 
CH;CHO + HCssCH ———> orCato=crt 
OTT OH 
CiL,GNe=c1t -++ CH,O + (C,H; )aNH > omcu C=C—CH,N(Colls)a —*, 





oH 
CH, CHCH,CH,CHN(C.H,), 


ACETYLENIC ALCOHOLS AND DMNRIVATIVES 


One of the most important ethynylation reactions is with formaldehyde to yield 
propargyl alcohol (2-propyn-1-ol) and 2-butyne-1,4-diol : 


HC==CH -+- CH,Q0 ———> HC=C—CH,0H 
HWC=C--CH,O1T + CH.0 > HOCH,C=C-—CH.,0H 


Although propyuol is usually a by-product of the reaction, its formation may be favored 
by the use of increased pressure (15 atm. and higher) in the presence of a solvent for 
acetylene.such as tetrahydrofuran. 

Propargyl alcohol is a colorless liquid, b.p. 115°C., with a mild geraniumlike odor. 
It is a primary skin irritant but is not a skin sensitizer. Propargy! alcohol is infinitely 
miscible with water, aromatic hydrocarbons, alcohols, ketones, and other solvents, 
but it is immiscible with aliphatic hydrocarbons. With water, propargyl aleohol 
forms an azeotrope, containing 45 parts by weight of the alcohol and 55 parts of water, 
which boils at 97°C. 

Butynediol is a white crystalline solid, m.p. 57.5°C., which is soluble in water, 
alcohols, and other polar solvents. It may be crystallized from such salvents as ben- 
zene and ethyl acetate in which it is sparingly soluble. Butynediol is a skin irritant 
and may, in some cases, act as a skin sensitizer causing dermatitis, 


Butynediol and propargy! aleohol have been found effective as corrosion. inhibitors, 
especially for hydrochloric acid. 
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The utilization of these alkynols was included in a very extensive synthetic pro- 
gram by Reppe and his associates. This work, which wus directed largely toward the 
couversion of butynediol to butadiene as well as foward the synthesis of intermediates 
for the polyamides, was extended to include the synthesis of innumerable other com- 
pounds which were logically derived from butynediol and propargyl aleohol. 

Propargyl alcohol and butynediol undergo reactions characteristic of primary 
alcohols as well as those of avetylene linkages. Thus, esters, ethers, and halides 
can be prepared iu the usual manner, However, ctherification of hutynediol is best 
accomplished with dialkyl sulfates, since 1,4-dihalo-2-butyues are a couvenient source 
of diacetylene under alkaline conditions: . 


NuOkR 
ACH,C=sCCH.X ——— HC=C-—C=aCH + 2TICl 


The conversion of propargy! aleohol ito the bromide offers a useful intermediate in the 
synthesis of vitamin A (see Vétanins), various terpenes, and pharmacetticals. 


WCseC--CH,0H ey HC=C. -CH.Br 


Propargyl aleohol and propargyl bromide are available in drum lots, and butyne- 
diol is available in earload lots in the U.S, , 

The acetylene linkages of propargy! aleohol and butyneciol undergo addition re- 
actions characteristic of this reactive center. These include partial and complete 
hydrogenation, halogevation, hydration, and the addition of alkali metal bisulfites. 

In the presence of acid mercuric catalysts, alechols add to propargyl alcohol to 
give 2,5-dialkuxy-1,4-diovanes, which on hydrolysis yields acetel (hydroxy-2- 
propanone) : _ 

Cts 


RO Va Nib a0 


2 WC=C—CILOH + 2 ROW —— 2 CH3COCILOH + 2 ROTL 


Hy lon 
Norn 


Butynediol reacts readily with water in the preserice of mercury salts to give 
1 A-dihydroxy-2-bulanone. If the reaction is carried out in the presence of alcohols, 
monoalkyl ethers of 1,4-dihydroxy-2-butanone are obtained which arise by addition 
of the solvent bo the intermediate 1-hydroxy~3-buten-2-une: 


Hg?+ : 
HOCH,C=C--CH,0H atta HOCH, COCIT=CHs 


x 
© |» 


HOGH:COCHEC HOR HOGH,COCELCHLOH 


Reduction of 1,4-dihydroxy-2-butanone gives 1,2,4-butaneiriol. Butanetriol was 
used in Germany as a humectant and as a replacement for glycer ol in.the manufacture 
of explosives. It is available in limited quantities in the U.S. 

In the presence of triphenylphosphine-nickel carbonyl catalysts, propargyl 
alcohol trimerizes to a mixture containing about equal quantities of 1,2,4~- and 1,3,4- 
trimethylolbenzenes (1,2,4-benzonetrimethanol and a, a’, a&- mesitylenctriol): 
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CHLOE CHLOL 
ON Fi an 


HOCH) 
W0=C-—CH,0H ———> | | |. 
: N HOCH )CHOH 


GION 


Butynedial may be trimerized similarly to give hexamethylolbenzene (benzene- 
hexamethanal). 

By virtue of ils methine (methylidyne) hydrogen, propargyl alcohol can be 
oxidatively dimerized with cuprous ammonitun chloride catalysts to give 2,4-hevadiyne- 
1 ,6-dtol: 

2 HOCILC=SCH + 15 0. ———> HOCH ,,C=C--C=:C--CH,O1T 


Catalytic hydrogenation of the hexadiynediol yields /,6-heaanediol (see Vol. 7, p. 240), 
which is of iuterest for polyurethan, polyamide, and polyester fibers (see Polyawmides; 
Textile fibers, synthetic). Oxidation of 1,6-hexanediol to adipie acid, HOOC(CH,).- 
COOH, offers an alternative route to this important nylon intermediate which is 
independent of beuzene (see Vol. L, p. 158). Cyclodehydrogenation of 1,6-hexanedial 
yields ecaprolactone, which with ammonia gives ecaprolactam, 

CHy(CH),-CO-NH, 

cee 
an intermediate for the polyamide fiber Perlon N, 

The partial reduction of 2-buGyne-1,4-diol to cis-2-butene-1,4-diol may be effected 
by hydrogenation in aqueous solution over an inactive ivon or nickel catalyst at 50- 
100°C, and 150-200 atm. Tn addition, the e¢s-diol may be prepared by hydrogenation 
over palladium or Raney nickel catalysts by interrupting the hydrogenation after one 
mole of hydrogen has been absorbed. 
HOCH C=:C—CHLON + Hy ——> HOCH,CH=CHCHOH 


Buteuediol, available in limited quantities, is a colorless liquid (boiling point 
234°C.) which is soluble in water, alcohols, ketones and other polat solvents, It is a 
useful Intermediate for the synthesis of plasticizers, alkyd resins, fiber intermediates, 
and so forth. 

Butenediol reacts with halogeus and halogen acids to give the anticipated reaction 
products. It is readily dehydrated over activated alumina at 150-200°C, to give 
the cyclic dihydrofuran: 


HOCHLCH=CHCH,OH = ———-> | | + Had 
No” 
Butenediol reacts with hydrogen cyanide in the presence of cuprous chloride- 
amunoniiun ¢chloride catalysts to give 1,4-dievyano-2-butene: 

HOCH.CH==CHCHLOH + 2 HCN ———> CONCH.CH==CHCHiCN + 2 HO 
Hydrogenation of 1,4-di¢yano-2-butene offers an alternative route to /,6-hexanediamine 
(hexamethylenediamine), an essential component in nylon (see Vol. 10, p. 926). 

Perhydroxylation of butenediol gives erythritol (see Vol. 1, p. 322) which is of in- 
terest in medicine and in the synthesis of plasticizers and alkyd resins: 
vu OI 
, ew . TIeO2 
HOCM.CH=CHCILOH —? HocHH—CHCRAOH 
ADA 
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Complete hydrogenation of hutynediol to L,4-butanediol may he effected over a 
variety of catalysts such as nickel, cobalt, copper, or silver. However, in German 
operations, the 35% aqueous butynediol solution from the ethynylation tower was 
hydrogenated at 70-150°C. and with 200-300 atm. of hydrogen over a nickel-copper- 
manganese catalyst deposited on silica. Butanol was obtained as a by-product. 

[,4-Butanediol, available in carload lots in the U-S., is a colorless liquid, b.p. 
228°C.; fip. 20.9°C., which is miscible with water, methanol, ethanol, aeetone, and 
other polar solvents. It is only sparingly soluble in ethyl acetate and ethyl cther. 
It is essentially insohible in benzene, carbon tetrachloride, and aliphatie hydrocarbons. 

Butanediol is readily compatible with casein, animal glue, and gelatin. It has 
heen suggested as a softener for these materials as well as a lubricant, humectant, and 
solvent for gums and resins. ; 

Butanediol undergoes the reactions typical of a dihydrie alcohol and hence is a 
useful intermediate for the synthesis of palyesters and polyurethan fibers and plasti- 
c1Zers, 

Butanedio! forms esters by the usual esterification procedures with either mono- 
or dibasic acids. Some of these esters are very effective plasticizers for polyvinyl 
chloride or vinyl chloride vinyl acetate copolymers. High-molecular-weight. poly- 
terephthalates of 1,4-butanediol are capable of heing extruded into filaments which 
‘an be drawn into fibers, 

The polyurethan fiber (Perlon U) from 1,4-butanediol and hexamethylene 
diisocyanate is noteworthy heeause of its high tensile strength, and its resistance toa 
water and acids; 

HO(CH2 OH + OCN(CH,)NCO ——9 -ENH(CH2):NHCOO(CH2),OOC+Hx 

Butanediol can be converted to 7,4-dichlorobutane (see Vol, 3, p. 777), which on 
treatment with sodinm cyanide yields advponitrile (see Vol. 9, p. 370): 

2 HCH 2NaCN 
HWOCGHA,OH: ——— CCH YWCL ———>_ NC(CHA)CN 
Hydrogenation of adipouitrile gives the nylon intermediate hexamethylenediamine. 

Undonbtedly, the greatest impetus for the mdustrial exploitation of the ethynyla- 
tion reaction in Germany arose from Reppe's discovery that it afforded an alternative 
synthesis of butadiene essential for Buna rubber. 


- tO 
HOCHACERC HaCHLOH —> CH—CH: 


/ dar, (at, 
—21L0 - 10 \o” 


CH=-CH—CH=CT 


Butanediol is easily dehydrated to tetrahydrofuran. In the butadiene synthesis, 
the 35% aqueous butanediol solution obtained by the hydrogenation of butynediol is 
acidified with dilute phosphoric acid to pH 2 and passed through pressure towers at 
260-280°C. The tetrahydrofuran formed is then dehydrated to butadiene over a 
sodium phosphate-phosphoric acid catalyst at 300°C. The direct dehydration of 
butanediol to butadiene ean also be accomplished in a similar manner but pure butane- 
diol is required and the yields are lower. 


662 REPPE CHEMISTRY 


Because it uses only one-half as much acetylene wand gives superior yields, the 
Reppe synthesis of butadienc is economically competitive, if not cheaper, than the more 
conventional dehydration of 1,3-butanediol obtained from aldol. However, this proc- 
ess has attained no industrial importance in the U.S. berause of the cheapness of 
butadiene from abundant petroleum resources (see also Vol. 2, p. 669; Rubber, syn- 
thetic). 

Tetrahydrofuran, which is usually produced in the U.S. from furan (see Vol. 6, 
pp. 1005-6), is an intermediate for pyrrolidine (see p. 34()) and 1,4-dichlorobutane. 
Tetrahydrofuran can also be converted to succinic acid (q.v.) or succinic anhydride, 
and the latter forms maleic acid (¢.2.) by dehydrogenation, 

Butanediol reacts with primary amines in the vapor phase at 300°C. over an 
aluminuni oxide—thorium oxide catalyst to give good yields of N-substituted pyrrroli- 
dines, 


HOCELCH.CILCHOH + RNH, ——> L ) + 2H 
Ne 
R 


Ammonia is reparted to react analogously to yield pyrrolidine; hawever, this reaction 
leads to the formation of resinous by-products. 

Dehydrogenation of butanediol over a copper-chromium catalyst on silica gel at: 
200-250°C. gives butyrolactone in excellont vields. 


HOCE:CH,CH:CHOH ———> | 4 21 
No vs) 


This compound, now available in tank car quantities in the U.8., has never previously 
been available in more than the minor amounts obtained from wood distillation. 

Butyrolactone is a colorless quid which is soluble in acetone, benzene, carbon 
tetrachloride, ethyl ether, methanol, and water in all proportions. Butyrolactone 
has a wide liquid range (—44°C. to 204°C.) and its viscosity is remarkably low for 
its low volatility. (Even at —40°C., its kinematic viscosity is only 8 centistokes.) 
It is a powerful solvent for difficultly soluble resins, including acrylonitrile polymers. 
Butyrolactone is also suitable as an intermediate for the synthesis of pt-methionine 
(see Vol. 1, p. 725), 

Butyrolactone is essentially stable in aqueous solution at pH 7. It is rapidly 
hydrolyzed in alkaline solution; however, its hydrolysis is much slower in acid solution: 


} + HO == HOCH.CH.CH,COOH 
No” So 


Butyrolactone reacts with halogen acids and alcohols, in the presence of acid 
catalysts, to give derivatives of 4-hydroxybutyric acid: 


_——— Ht 
|] + nol > cictemcrcoon 
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— Ue 
q | + ROW ——— ROCKLCH.CHCOOH 
0” No 


Fusion of sodium sulfide with butyrolactone, followed by acidification, gives 
thiodibutyric acid (di-n-propyl sulfide-3,3’-dicarboxylic acid): 
Nass . Ht . 
) ~ NaQOC(CHy)8(CH:):;COONa ———> HOOC(CH.)$(CH,)sCOOH 
No/ So 


In an analogous fashion, fusion with + sodium hydroxide gives oxydibutyrie acid, the 
oxygen analog of thiodibutyric avid. sters of thiodibutyric and oxydibutyric acids 
were of interest in Germany as plasticizers for polyviny! chloride, and oxydibutyric 
acid was used as a replacement for tartaric acid in beverages and in baking powder. 

Butyrolactone is reaclily converted by reaction with anhydrous ammonia or 
primary amines under pressure at 280°C. to 2-pyrrolidone and N-substituted-2-pyr- 
rolidones. 


| de NH, ——+> HOCH,CH.CHCONT, ——>+ | | 
Noo Nyc 
H 

As already indicated (p. 656), 2-pyrrolidone, b.p. 245°C., m.p. 25°C., is an 
essential intermediate in the preparation of polyvinylpyrrolidone (PVP). It is avail- 
able in tauk car quantities m the U.S. 

2-Pyrrolidone is more stuhle to hydrolysis than butyrolactone but under vigorous 
alkaline conditions, 2-pyrrolidone can be hydrolyzed to a salt of 4-aminobutyric actd: 


[ 4+ HO ——+ NH,CH.CH,CH,COOH 
Nn’ SO 
tt 


The calctum salt of 4-amincbutyric acid was sold in Germany as Retardan N, for 
retarding the setting of gypsum plaster. 

In contrast to earlier predictions, 2-pyrrolidone has recently been polymerized 
in the presence of alkaline catalysts to give a linear condensation polymer derived 
from 4-aminobutyric acid (11): 


olt~ H oO 
La LL oneonds 
no 4NCHCHCHC, 


a 


The polyamide (“polypyrrolidone’) can he molded and extruded into filaments 
which can be drawn into fibers with interesting properties. 

The 1-alkyl-2-pyrrolidones are particularly useful as solvents. {-Mfcthyl-2-pyr- 
rolidone, b.p. 202°C, f.p. —24°C., is a very good solvent for acrylonitrile polymers and 
copolymers as well as other difficultly soluble resins. Furthermore, methylpyrrolidone 
is capable of dissolving 39 times its volume of acetylene at 20°C. and atmospheric pres- 
sure. This property has suggested the use of methylpyrrolidone as a selective acety- 
lene solvent. It is available in drum lots in the U.S. 
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Cyclopelymerization 


Undoubtedly, the most fascinating development in this phase of acetylene chem 
istry was Reppe’s discovery that acetylene could be polymerized to give the cyclo- 
polyolefin eyelooctatetraene (see Vol. 7, pp. 607, 644): 

—{ ) 

The cyclopolymerization is carried out in tetrahydvofwnn at 60-70°C. and 10-25 
atmospheres acetylene pressure with anhydrous nickel cyanide as the catalyst. In 
addition to cyclooctatetraene, the reaction product contains vinylcyclooctatetraene, 
1-pheny}-ezs-1,3-butadiene, and azulene (cyclopentacycloheptene). 

Cyclooctatetraene undergoes many of the well-known olefinic reactions. The 
remarkable differences between the chemistry of benzene and that of eyclooctutetraene 
were incomprehensible prior to the concept of resonance. It is now thought that cyelo- 
ottatetraene has a puckered structure which prevents resonance of the benzene type. 

The trausformation of cyclooctatetracne from a laboratory curiosity to a potential 
item of commerce has been too recent to predict the ultimate position if may assume 


in the chemical industry. The cage with which cyclooctatetraene can be converted 
to suberic acid (see Vol. 1, p. 154) may well have industrial potentialities, 


+HCO=CH 








ae — COOH 
| ] i, | 2, ny, 
— ——/ s00H 
Carbonylation 


To the reactions of carhon monoxide tn which metal carbonyls are employed, 
Reppe has given the name “carbonylation.” Although this reaction is applicable 
to the addition of carbou monoxide to a variety of unsaturates, the reaction with 
acetylene gives rise to either acrylic esters or hydroquinone as indicated. 

SHC&CH + 4GsH,OH + Ni(CO), +2 HCI > 4 CHy=<CHCOOGH, + NiCly -+ Hy 
OF 





1HC2CH + Fe(CO)\ FL + 2HxO ———> 2 + Fe(OlT), 


| 
OR 


Acetylene can react under pressure at 50-80°C. with iron tetracarbonyl hydride, 
formed from a mixture of iron pentacarbonyl, water, and monoethanolamine, to give 
hydroquinone in yields of 20-30%, calculated on the applied carbonyl. 

Reppe developed two processes for producing osters of acrylic acid from acetylene, 
carbon monoxide, and alechals, Que involves a stoichiometric reaction under mild 
conditions of temperature and. pressure using nickel carbonyl as the source of carbon 
monoxide and an acid, such as hydrochloric, to take up the nickel as niekel chloride. 
The other uses temperatures of 150-180°C., pressures of about 450 lb. p.s.i.g., and a 
catalyst such as nickel bromide with carbou monoxide itself, The stoichiometric 
process requires expensive nickel carbonyl and results in undesirable by-product con- 
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tamination. ‘he pressure process is slow and requires special techniques for operating 
under the requisite conditions. 

These processes have been improved in the U.S. by the Rohm and Haas Company, 
by combining the best features of both. The catalytic process developed is run at at- 
mospheric pressure and moderate temperature using acetylene, carbon monoxide, 
aud alcohol with small amounts of nickel carbonyl as a catalyst. Yields are in the 
range of 90%. This process is now beiug earricd out on a commercial scale at the 
Rohm and. Haas plant in Houston, Texas. 

The acrylates are of use as chemical intermediates and as mouomets for poly- 
mers aud copolymers. (See also Acrylic and methacrylic acids; Acrylic resins and 
plastics.) 
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RESINS, NATURAL 


In the chemical and technological sense, the term natural resin suggests the use of these 
materials in varnishes, printing inks, paints, sizes, polishes, and coatmg compositions. 
(See also Coatings, industrial; Patni; Paper coatings, organie; Printing ink; Var- 
nishes.) Brief consideration indicates, however, that these products possess 4 much 
broader base and have found extensive uses In medicine and in religious observances, 
us well as in the arts and crafts. Gums, oleoresins, and balsams were initially em- 
ployed as the hasic raw materials for the preparation of perfumes (¢.v.). 

Any mucilaginous exudation of a tree is considered a gum, True gums (see Gums 
und mucilages), as distinguished from varnish gums, are soluble in water; the true gums 
are related to sugars and carbohydrates and are insoluble in organic liquids; on heating 
they decormpose without fusion. Varnish gums, on the other hand, are resinous ma~- 
terials related to terpenes (¢.v.) and to essential oils; they are soluble in oils and or- 
ganic liquids and are insoluble in water. On heating, they generally melt and de- 
compose, becoming quite often more readily soluble. There has been a tendency to 
disparage the usc of the term gum for varnish resins but the terminology is too well 
established to be eradicated. See Varnishes. 

From the plant orders such as the Labiatae, Umbelliferac, Aurantiaceae, Cruci- 
ferae, and Coniferac, volatile oils that accompany oleoresins can he obtained (see also 
Oils, essential), Sometimes it is difficult to distinguish between an oleoresin and a 
resin. Ordinary rosin or colophony is obtained from the Auid oleoresin that is secured 
by tapping the trees of the Pinus genus. This fluid resin, as it comes from a, tree, 
is known as giun turpentine, turpentine, térébenthine, terpentine, and “gum thus,” 
while the volatile liquid, which can be distilled from the oleoresin, is referred to as 
spirit of turpentine and essence de térébenthine. The residue which remains after 
the distillation of the volatile oil is gum rosin, Venice turpentine, Strasbourg tur- 
pentine, Jura turpentine, Canada balsam, and Bordeaux turpentine arc local varieties 
of oleoresin. See Rosin; Turpentine. 

Although the term balsam can be synonymous with olcoresin, as in the name 
Canada balsam, balsam is generally restricted to those oleoresins containing benzoic 
or chnamic acid or their esters. In addition, balm and balsam imply the use of these 
materials in healing preparations and otherwise in medicine, but it is well to emphasize 
that no rigid distinction can be drawn between oleoresins and balsam, although the 
latter may be considered to be slightly more fluid. For purposes of this compilation, 
the natural resins have been divided into resins proper (or varnish resius) and gum 
resins (medical resins and balsams). 

Resin formation occurs in the tree as a result of injury to the bark; a viscous liquid 
pours out of the wound. By proper tapping, many species of trees can be made to 
yield a harvest of soft resinous or balsamlike products. Through accidents of nature, 
insects, storms, hurricanes, and typhoons, whole areas were devastated in the past and 
the plant secretions were formed on a huge seale. Certain of the more volatile com- 
ponents evaporated whereas the residue nnderwent chemical changes. It is known : 
that resinification takes place in the stumps of the fallen trees; therefore, it is not im- 
probable that a similar polymerization occurs when the resin is buried underground 
for long periods of time. Even in the case of the more “recent” fossil resins, the chemi- 
eal reactions leading to polymer formation may have proceeded for thousands of years. 
Tt is known, for example, that the kauri pines can attain an average age of about a 
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thousand years and, since the resin may now be found in areas where the original forest 
has wholly disappeared, it is obvious that the resin must be extremely old. This resin 
is still soluble. The fossil resin amber is of a less soluble type. This means that the 
process and time of polymerization from oleoresins to resin, to recent fossil resins, to 
fossil resin, wvust in the case of amber be reckoned in geological units. 


HISTORY 


lor conturies, resins have been used in incense, food and medicine, coating compositions, dyes, 
and naval stores, 

Incense. Gums and woods, when heated, decompose and yield a fragrant odor. As the deriva- 
tion of the word indicates, perfume, per fumum, was first associated with smoke. Presumably the 
assumption arose that what was pleasant to the human senses must likewise be gratifying to divine 
perception, Through 2 series of associutions, which may or may not be logieal, one passes from. 
fragrance, to sacrifice, to the divine odor of the deity. Naturally in these associations the source of 
the resin was not overlooked and the concept arose that the resin, yielding this aroma was the blood of 
an animate and divine tree, and individuals who gathered the resin were considered, at least in Roman 
times, to be sacred (2), ‘ 

The Bible, the Ramayana, and the Mahabharata offer evidence of the use of natural resin and 
incense from the remotest antiquily in worship and in the burning of the dead, Abundant diselosure 
exists in the literature of Egypt, Babylon, Assyria, Persia, India, Greece, and Rome of the uses of 
natural resins in sacrifice to deities, and as a demonifuge to drive away evil spirits, as sacrifice to de- 
parted human beings, as a symbol of honor to a living person, aud as an ascompaniment to festivities, 
processions, rejoicings, and banquets. 

Food and Medicine. Dioscorides, the Greek botanist, compiled the first pharmacopeia in which 
he disclosed the use of about six hundred different medical plants, Fis deseriytion of balsams, resins, 
and plant drugs was extremely popular in the Middle Ages, While a few of the recipes have value, a 
greater portion have become obsolete, and there is a tendency to consider that much of the use of resins 
in medicine was misguided. Nevertheless, it is well to bear in mind that opium, the drug derived 
from the immature fruit of the Papaver somniferum, is secured by an operation almost identical to 
that employed in gathering other resinous materials from vegetables and trees. I is truly fortunate 
that the various alkaloids, such as morphine, codeine, aud neopine can be crystallized readily from the 
resinous mass that is obtained from incismg the fruit and collecting aud drying the milky juice. 

Coating Compositions, Marly varnishes were not thinned with organic liquids; they were vis- 
cous Taasses smeared on surfaces using fingers or spatulas. Tlarder, more solid resinous masses were 
applied with cither a hot iron or a torch, whereupon the residual resin was then polished by rubbing or 
buffing. Certain of the resinous coatings on mummy cases have been analyzed and found to contain 
storax, Mastic, and quite possibly amber. The usr of oil as un extender for varnishes first nppen's in 
the writings of Pliny and Dioscorides. 

Theophilus, an 11th century monk, deserihed in ‘Schedula Diversarium Artium” the procedure 
whereby a resin, possibly amber, was melted to a clear liquid and then added ta hat linseed oil. 
Subsequently the mixture was further heated until about a third had volatilized, More hot oil was 
then added and the heating eontinucd until 2 drop, withdrawn and cooled, remained clear. The 
Renaissance painters used an amber varnish and the notebooks of da Vinci bear witness to the ex- 
perimentation which he carried out with oils and pigments. 

Dyes. Many of the natural resinous materials are highly colored and served as dyes before the 
advent of synthetic conl-tar derivatives, Dragon’s blood, turmeric, and aloes have been used as 
colors and stains. 

Nawal Stores. Natural resins played an important role in the history and development of the 
early American colonies. At the end of the Tudor period, England found herself with an increasing 
population and a continually decreasing forest reserve that was needed not only for fuel but also for 
naval operations, Bceause of wars on the continent and because of the unwillingness on the part of 
the English to rely on resmous commodities from the European Baltic countries, they turned to the 
west and to the prodigious quantities of naval stores available across the Atlantic, Naval stores 
in those days meant uot only rosin, ealking compounds, and solvents, but also rope, twin, and, 
most prized of all, tall pines that were used for masts of the eurly sailing vessels, Companies were 
chartered, slang whit would now he causidered eartel lings, to exploit the Ameriqun forests, Captain 
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John Smnith, reporting on a cousignment to the London Company, maintained that “tryals of pitch, 
tar, glass, frankincense and soap ashes” were available, 


CLASSIFICATION : 

There is no question that natural resins, as a group, defy any rational classifica- 
tion. Almost every type of codification has been employed: acidity, age, botanical 
origin, chemical constitution, chromatographic adsorption, color, consistency, density, 
electronegativity, geographical distribution, hardness, medical properties, melting 
point, microscopic appearance, refractive index, solubility, ultraviolet light absorp- 
tiou, and x-ray diffraction. Although each method of classification may prove valu- 
able for some specific purpose, the schemes can not be generalized. Confusion has 
existed in the past concerning the botanical origm of the resing of commerce. ‘To 
secure living trees of the forest, especially the tall timber existing mostly in the tropics 
and bring these specimens to the herbarium for botanical classification is no trifling 
matter, Moreover, the hotanical data must be collated with those of other botanists 
working in isolated areas at differeut times. Certain of the species introduce other 
complications; for example, the Dipterocarps, from which Malayan dammar is de- 
rived, do not flower and hear fruit each year but only at random and on a short-time 
basis. 

One might expect a causal connection between the nature of the tree and the type 
of product produced. Rosm (g.v.) and Manila vopal, of the Pinaceae family, yield 
somewhat related acids, but these resins do not behave sinilarly in varnish prepara- 
tions, Conversely, there are chemically different but biologically related species that 
baffle the botanist, Cinnamomum camphora yields a solid and liquid camphor (q.v.). 
The solid is valuable whereas the liquid is almost worthless. 

While the trees present one facet of the problem, the derivatives represent. quite 
another—the chemical changes that have occurred in the recent and fossil resins 
over long periods of time. The formulas of these natural polymeric products are by 
yo means easy to unravel and the isoprene rule, which postulates an isoprenoid struc- 
ture, initiated by Wallach, has proved inost useful in elucidating structure, but tt is 
well to bear in mind that the unbridled use of this rule ean lead. to difficulties. 

Moreover, most resins are transported away from the point of origin and many 
take their names from the ports from which they enter commerce. Certain of the 
resins are known by the native designations and these trivial names may or may not 
pass actively into general usage. Other complications emanate from the fact that while 
a tree ina certain eavironment may produce one type of secretion, its growth in another 
area, under different climatic conditions, may change materially the quantity and 
quality of the exudation. In addition, closely related species may yield ostensibly 
similar materials even though they may not be identical botanically. 

If a botanical or chemical classification were to be used, many resins would be 
included which are not of commercial interest, since many species of plants yield resins 
which are not collected becuuse no uses have been established. 

Natural varnish resins have been classified in a uumber of ways. Van De Koppel 
of the Museum for Economic Botany at Buitenzorg (now Bogor), Java, has divided the 
resins into those having low acid numbers and those having high acid numbers, (An 
acid number is the expression for free acidity und is determined by titration. The 
nuniber expresses the milligrams of potassium hydroxide required to neutralize 1 gram 
of the test material.) The low-acid-number resins in turn can be subdivided into the 
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dammars and the Bast India fossil or semifossil resins. Resins of high acid number 
from. the Kast Indies are subdivided into the fossil Pontianak type and the Manila 
resins of the soft, semihard, hard, and fossil varieties. Additional classes are used for 
African fossils such as Congo and the New Zealand kauri. The resins are further 
classified as Lo whether the produet is obtamed from tapped or wounded trees. 

The American Ginn Importers Association in its Naéural Resin Handbook (1) 
classifies varnish resing in the following manner : 


I. Dammars-—-Low-acid-rumber resins of recent origin, solvent- and otl-soluble: 
A. Batavia. 
B. Singapore. 
II. East Indias—Semifossil or semirecent resitis related to the dammats, solvent- 
and oil-soluble: 
A. Batu. 
B. Black. 
C. Pale ast India Singapore (Rasak). 
D. Pale Kast India Macassar (Hiroe). 
Ii. Copals--In general, higher acid numbers than dammars: 
A, Manila, 
1. Melengket or soft resins of recent origin, spirtt-soluble. 
2. Loba ov half-hard of semirecent origin, spirit-soluble. 
3. Philippine Manilas (Almiaciga) of semirecent origin, spirit- and oil- 
soluble. 
4, Pontianak, semifossil hard, spirit- and oil-soluble. 
5. Boea, fossil, hard, oil-solithle. 
B. cone Africs an fossil, hard, oil-soluble. 
. White, ivory, straw, pale, and amber. 
Cc. Raut, New Zealand fossil, hard, oil-sohible. 
L. Pale and brown, 
2. Bush. 
IV. Miscellaneous resins: 
A, Averoides, red gum, or grass gum, of recent origin, spirit-soluble. 
B. Elemi, soft, of recent origin, balsam type, spirit-soluble. 
GC. Mastic, of recent origin, spirit-soluble. 
D. Sandarac, of recent origin, spirit-solubte. 


ECONOMICS 


Since natural resins come from many parts of the world, they are products of 
international chavacter, and ecouomic and social factors play a dominating role both 
in their production and distribution. 

Data on the production and distribution of resins are diffienlt to gather. One 
definite souree of information is “U.S. Imports of Merchandise for Consumption” 
from which Table I has been compiled, The breakdown is not designed for technical 
consideration, and though the numerical figures should be reliable, the same statements 
cannot be made of the country of origin; while in most instances, the information is 
correct, it is highly probable that for statistical purposes there has been consolidation 
from the country of shipment—that is, the country from which shipment i is made is 
given as the source, which is not always the case. 
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TABLE I. 1952 Imports of Resins Into the U.S. 








Resin aa ars Fatal ipaports, Valuation, 8 
Dammar gunt British Malaya 3,091,611 415,817 
Kauri guin New Zealand 124,301 27 , 441 
Lae, erude, seed, button India 33,893,479 8,473,050 
Shellac, unbleached TaAdia - 11, B84 485 3,906,572 
Shellac, bleached India 373,807 121,752 
Sandarac resin Freneh Moroeco 30, 844 45,975 
Copal gums Indénesia 5,426,956 702,459 
Varnish gums India 65,810 9,829 
Turpentine gum Honduras 269,445 6,330 
Balsams, copaiba Brazil 165,464 161, 689 
Balsams, fir or Canada, Canada 13,280 39, 657 
Balsams, Peru Salvador 10,378 14,433 
Balsams, Tolu Colombia, 209,979 507, 982 
Storax Turkey 36,697 31,020 
Baisums, crude Salvador 120 , 227 167 , 234 
Gum, asafetida Tran 94 375 16,896 
Dragon’s blood British Malaya 2,446 2,539 
Gums, mastic Greece 5, 354 7,115 
Gum, myrrh British Somaliland 19,040 2,729 
Cashew nutshell" India 10,987 ,488 1,063,338 
Gums and resins’ ttaly 4,611,208 1,567,766 
Amber and amberoid USSR, 241 507 
Rosin (not for violins) Mexico 2,042,110 149,098 
Rosin (for violins} United Kingdom —_ 1,257 
Aloes Union of South Afriva “413 , 847 141, 488 
Jalap Mexico 51, 647 16,826 











@ While cashew is of the Anacardiaceae family, the product which is derived for resin usu arises 
from nuts rather than the sap, On tapping, the eashew tree yields a gum but this material is water- 
soluble. 

* Not otherwise classified. 


Varnish Resins 


Natural varnish resins can be recognized by their transparency and translucency, 
their brittleness and conchotdal lracture, and by their coloration which can be all the 
way from practically water white toe yellow and brown. Many of the natural resius 
can be recognized by a distinctive odor which becomes more pronounced on heating. 
Certain of the resins are spirii-soluble, whereas others are ozl-soluble (oil-dispersible), 

While at one time spirit solubility meant solution in alcohol, the advent of the 
lacquer industry, with the introduction of a large number of solvents, has changed the 
picture consiclerably and a great deal of experimental work has been carried out in 
determining the solubility of the resmous products in a wide variety of organic liquids. 
Solubility of this type is usually achieved by standing or by mechanical agitation; 
solubility in oil, however, refers not to direct solubility of the resin but only to the oil 
solubility after it has been normally processed. 

The processing of varnish resins is known in the trade as “fusing,” “running,” 
“sweating,” “melting,” or “cracking.” At least five different chemical reactions 
have been recognized in the fusion operation—dehydration, resulting in molecular 
rearraugement, loss of carbon dioxide, loss of carbon monoxide, and hydrogen migra- 
tion during polymerization, Physical factors play a role in the reaction; the resins 


RESINS, NATURAL 672 


are poor conductors of heat and unless proper agitation is employed, a portion of the 
resin may be deconposed excessively leading to carbonization with subsequently 
darkened varnish. 

The method of heating cannot: be overlooked. During the heating, low-molec- 
ular-weight volatile products are split off, and if these cleavage products ure allowed 
to distill back into the processing resin, the yield of finished resin will he higher but the 
finished varnish will be softer and less mar-resistant. Moreover “single”? or “mul- 
tiple” heats may be employed; in multiple heating, after the resin reaches a predeter- 
mined temperature, it may be allowed to cool a few minutes prior to reheating to a 
higher temperature. Multiple heating permits comtrol of foaming and simultaneously 
allows some of the cracked distillate to dissolve in the resm. Slack’? melts, in which 
two or more resins may be fused simultaneously, may be used; alternatively a softer 
resin nay be employed as a “flux.” “Slack” melt can alsomean heating to the thresh- 
old of solubility as distinguished from “fine’ melt where the resin is heat-treated 
until eompletely soluble. When properly processed, the resin should flow and drip 
like hot oil and be devoid of any stringy or bumpy appearance. 

The fused resin must be dispersed in a drying oil in order to make a varnish, 
Thus, not only does the intensity and duration of the heating play an important part 
but the rate of quenching with the drying oil has its effect on the final varnish. 

The following information is meluded for each of the more important varnish 
resins: botanical source; geographical origin; chemical constitution, where known; 
physical properties; uses; and prices, where available. Some index of the price can 
be secured from Table I, from the values of the product and the quantity imported, 

Accroides, This gum is given a variety of spellings such as acaroid and accroid, 
and it is alsu known by a number of other names such as grasstree gum, yacca gum, 
blackboy gum, and xanthorrhea resin. It is derived from trees of about seventeen 
varieties of the order Jimcaceas, the more important of which are Xanthorrhoea australis, 
X, hastilis, X. arborca, X. quadrangularis, X. drummondii, and X. preisii, found in 
Australia, New South Wales, Tasmania, and Kangaroo Island. There are two varie- 
ties, the yellow (m.p. 97°C.), and the red (m.p. 110°C); the former is known ag 
Botany Bay gum whereas the latter is known as red gum accroides. They can be dis- 
tinguished, in addition to the color, by the presence of ciumamic acid in the yellow resin. 
The resin is soluble in alcohol and insoluble in both aliphatic and aromatic hydvo- 
carhous. It is contaminated with insoluble material which ean be removed, along 
with a certain quantity of benzoic acid, by allowing the solution of the resins to stand 
and then decanting, 

The natural product is the basis of various drying lacquers; a binder for wall- 
board; a substitute for rosin in paper coating; and it is used in varnishes, lacquers, 
and prmting inks. The red yaricty is also employed in spirit solution, for staining 
wood a mahogany color. In February 1953 accroides was selling for 6 ceuts per pound 
in bags. 

The resin contains the aromatic acids benzote and cinnamic, and because of the 
presence of these ingredients, these products are more closely related to balsams than 
they are to varnish resins. Another interesting characteristic of the accroides resin 
is its potentially thermosetting feature, At elevated temperatures, the resin becomes 
insoluble anc. infusible. Whether this insolubilization can be ascribed to the presence 
of p-coumaric (p-hydroxycinnamic) acid, or whether the character arises because of 
the properties of the resinotannols that have been found in the resin, is open to con- 
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jecture. The red aceroides coutains a characteristic resinotannol, erythroresino- 
tannol, CarHysOim, whereas the yellow aceroides contains a xanthoresinotannol, 
CH Ou. 

Amber. This fossil resin is secured from the exudation of Pinus succinifera and is 
collected principally near the Baltic coust of Prussia, near the promontory of Samland, 
whore the amber appears in marine glauconitic sand known as “blue earth.” It has 
also been found in glacial deposits and is often washed up on beaches. Amber is the 
hardest known resin, being a brittle substance with a typical conchoidal fracture; 
the color varies from a pale yellow toa dark brown andevenablack. Certain varieties 
are nearly transparent whereas others are cloudy and opaque. The resin polishes 
well and, when rubbed, is readily electrified, an observation recorded by Thales of 
Miletus. Whereas at one time it was used to make varnish, amber is now used for 
the manufacture of various ornamental objects, cigar holders, mouthpicces, and 
beads. The present-day varnish labeled “amber” contains little if any natural resin. 
Whenever amber is machined into ornamental objects, the shavings that are produced 
can be consolidated by heating under pressure, but this molded variety does 10+ possess 
the wearmng character of the original product. When amber is used for varnish mann- 
facture, it is melted and a quantity of volatile oil is distilled off, leaving ag a residue a 
product known as amber colophony or amber pitch. This residue when dispersed in 
oil forms the amber varnish. When amber is subjected to dry distillation, succinic 
acid is formed together with a variety of other acids such as acetic, butyric, valeric, 
and caproic, as well as water and hydrocarbons. The empirical formula of the resin 
is thought to be CyHy.O. It has been suggested that during the hardening of amber, 
two chemical reactions occur, one involving a condensation reaction, like that occur- 
ring in alkyd resins (g.v.), and a polymerization of the vinyl type (23). This merits 
consideration particularly in view of the type of reactions which are known to oveur 
in polyester resins. 

American Fossil Resin. In the Salina and Huntington region of Utah, there is a 
fossil resin which was laid down about the same time as coal. It was noted that the 
coal from this area smoked a great deal and was unsgatisfactory for combustion pur- 
poses. Examination revealed that there was considerable resin imbedded in the coal. 
A variety of methods have been studied in an attempt not only to secure the resin 
but, at the same time, to obtain a superior coal for coking purposes. Solvent extrac- 
tion has been employed, as have sink-and-float methods, Froth flotation fallowed by 
selective solvent extraction has also been considered. 

The resin has a refractive index of 1.544, a specific gravity of 1.03, an acid number 
of 6-8, and a saponification number of 140-150, It is predominantly hydrocarbon in 
nature and is soluble both in aliphatic and aromatic liquids. It is compatible with 
natural and synthetic gums, chlorinated rubber, waxes, mineral oils, ester gum, and 
long-oil alkyds (14). 

Canada Balsam (Canada turpentine), Canada balsam is the oleoresinous 
exudation of the balsam fir, Abies balsamea, a coniferous tree existing in the northern 
part of the United States and in Canada. The oleoresin, comprising a, resinous sub- 
stance dissolved in an essential oil, is a viscous green liquid sometimes showing a green 
fluorescence, It possesses a mild terebinthous odor and a bitter acrid taste. On 
keeping, the essential oil gradually evaporates, leaving the residual resin in a form. of 
a hard transparent varnish. Sixty per cent of the resin is soluble in aleohol whereas 
sixteen per cent is soluble in ether. Canada balsam has a specific gravity of 0.985— 
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0.995, 4 refractive tidex of 1.5180~1.5210, an acid mmmber of 84-87, and an ester value 
of 5-10. 

While the resin is used to a limited extent in medicine, its greatest value lies in 
microscopy. Dissolved in an equal volume of xylene, it yields a nonerystallizing mount- 
ing medium having « refractive index approximating that of ordinary glass. The 
halsam is xlso used as an optical cement. 

Congo Copal. This important resin appears to have been first used by Fra 
Fortunato de Ravigo, 1659-1711, in bis “Secrets.” At present, this fossil resin is dug, 
out of the swampy ground in the Belgian Congo, The resin appears to have derived 
from Copatfera demeusti although other varieties have been mentioued in the literature. 
Zanzibar or East African copal, also known as animi, is secured from Trachylobdum. 
hornemannianum. This variety of copal has disappeared from the American market, 
as have a variety of others that once appeared in the varnish literature; these are 
Accra, Benguela (also known as Lisbon), and Angola. Benin, Gaboon, Loango, 
and Cameroon are other varieties of copal that are no longer marketed. (See alsa 
“Kauri copal” and “Manila copal,” p. 676). 

While there is some recent copal resi known as “jackass copal,” the main variety 
is the fossil form collected along the Congo River betweeu Stanleyville and Leopold~ 
ville. Digging begins in the swamps as soon as the floods recede in the late spring. 
After a prelminary cleaning by hand, foreign encrustations are subsequently removed 
by mechanical devices involving rotating drums and superficial blasting’ by sand or 
hy iron filings. The latter can be removed magnetically from the resin while the sand 
and resin can be segregated by flotation methods, 

Congo copal has an acid number of about 100, a saponification value of 125, a 
specific gravity of 1.05, and a refractive index of 1.540. The resin is insoluble in or- 
ganic liquids but on long standing in aleohol-acetone combinatious, a gelatinous 
solution is sometimes formed. After thermal processing or running, the resin will 
dissolve in 2 wide variety of organic liquids such as coal-tar products, fatty acids, and 
‘ fatty oils. The so-called copal oil or “fumes” that distill during the thermal processing 
comprise two phases, an aqueous one containing traces of acids and aldehydes and an 
organic, in which there are a number of terpencs such as a-pinene, B-pinenc, limoncne, 
dipentene, and camphene. At one time the copal oil was disposed of as waste but more 
recently these liquids find use as solvents. Since the running operation for dispersi- 
bility involves considerable weight loss, a number of techniques have been devised 
to handle the resin more expeditiously. This operation is similar to that employed in 
compounding resinous molding compositions. When Congo copal is heated on dif- 
ferential rolls, the resin softens and becomes plastic at about 200°F. This mastication 
on rolls causes degradation to the extent that it allows compatibility in organic 
liquids, but the degradation is not sufficiently advanced to vender the degraded 
product soluble in oils. Nevertheless, this pretreatment on the rolls allows for more 
rapid ramning and the masticated resin can be employed in lacquer formulations. 

There have been a unmber of chemical modifications made of Congo copal similar 
to that which has been found so successful with ordinary rosin, The resinous acids in 
Congo ean be esterified with polyhydric alcohols to form neutral esters or the resin 
can be esterified with fatty acid plycerides to yield a type of alkyd resin (see Vol. 1, 
p. 524). Because of the presence of bifunctional acids in the Congo copal, the esteri- 
fication with glycerol must be conducted with care to avoid gelation. In the prepara- 
tion of the resin for varnish use, the operation is not necessarily a simple one and a 
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variety of fluxes are used in order {o assixi in the rumiing. ‘These fluxes can be rosin 
(q.v.), ester gum. (an ester formed by treating rosin or its constituent acids with glye- 
erol or other hydroxy compounds), or other natural resins. 

Two acids have been isolated from Congo copal: congocopalic, Cysts9O., and 
congovopalolic, CoxH;103. Extensive investigation is bemg carried out by Hellinckx 
of the University of Louvain into the structure of Congo copal using solvent techniques 
and cracking methods, as well as hydrogenation cracking. During the course of the 
investigations a new terpene (q.v.), congolene (I), was isolated. Its structural similar- 
ity to limonene (IT) may be seen from the formulas. 


CH; CH; 

\ Hi, | 
sOe4 ‘on 
HAG. CG CH, HA CH, 

i a Ho om _ cht 
{ H, | 
K in 
H.C CH, UC CH; 
(I) Congolene (Ii) Limonene 


Tn Brazil and other South American countries there is a type of copel secured from 
Hymenaca courbaril. The resin is known variously as Brazilian, Colombian, Demerara, 
Locust, and Para. The Demerara variety, from British Guiana, must be provessed at 
especially elevated temperatures in order to render the resin soluble. 

In February 1953, Congo copal was selling in bags, per pound, for 21-23 cents for 
No. 1 grade, 19-20 cents for No. 2, and 1714-1814 cents for No. 3. 

Dammar (Damar). This word, apparently of Indian origin, appears to have 
been used generically for resins. It is also stated to refer to a torch made by mixing 
bark and powdered resin. The East Indian dammar, or cai’s eye resin, is obtained 
from trees of the Dipterocarpaceae family (chiefly Shorea and Hopea spp.) found in 
Java, Sumatra, and Borneo, and is esteomed in the Orient for incense burning. 
There are other types of dammars little known in the west: black dammar from the 
Canarium strictum of the family of Burseraceae; white dammar or Indian copal, 
from Vateria indica of the Dipterocarpaceac; sal dammar from Shorea robusta, and 
rock danmar from Symplecos micrantha. In fact, the laboratory at Buitenzorg has 
catalogued 55 species of dammar-producing trees. The situation is further com- 
vlicuted because the resin is not designated by its botanical source nor its geographical 
location, but by the commercial port. The resin is secured from a number of areas 
in Indonesia and is shipped to Jakarta (formerly called Batavia), Smgapore, or Padaug 
for grading, sorting, aud packaging. here are nine grades of Batavian dammar 
offered and six grades of the Singapore variety. 

A harder variety of semi-fossil dammar bears the designation East India sub- 
graded into Batu, black, and pale (Batu means stone). True fossil dammar is now 
scarce in southeast Asia; most of the dammar is collected by tapping and from wounds. 
As might he anticipated, solutions of Batu are much more viscous than those of dammar, 
The black East Indias, also known as dammar hitam (the latter being a Malayan 
word for black or black dammar) are readily distinguished by their color as well as 
by the presence of a grayish dusty coating. The pale East Indias are also known as 
hiroe, from Macassar, and rasak, from Singapore; of these the Singapore variety 
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possesses less wax, The ast: Indias are used in floor varnishes, grinding vehicles, 
metal primers, and traffie paints. 

Tn July 1958, dammar was selling, per pound, as follows: Batavia, AK, bags, 
vases 25-26 cents; Mast India, Batu, bold, bags 12-14 cents, nnbs and chips, bags 
08-10 cents; Jast India, pale, chips, bags 13-14 cents; Smgupore, bags, cases, No, 1 
36-39 cents, No. 2 28-30 cents. 

Daminar resin varies m color fram yellow to almost a water white. Films are 
colorless and any residual discoloration bleaches in sunlight. The resin possesses an 
acid number of 25-35, While it is only partially dispersible in alcohol, the resin clis- 
solves readily in hydrocarbons, both aliphatic and aromatic, and consequently, is 
also dispersible in oils without thermal degradation. For lacquer use with nitro- 
cellulose- or ulcohol-type solvents, it is neeessary that the resin be subject to a so- 
called “dewaxing” operation. This procedure consists im the separation of the 
alcohol-insoluble fraction (8-resene or “danymar wax”) from the aleohol-soluble frac- 
tion (chiefly e-resenc and dammarolic acid). Purified @-resene possesses a melting 
point of 200-210°C. and an acid number of 2-4. The dewaxed dammar has a melting 
point of 85-95°C. and an acid number of 33-38. While the acid number of the resin 
is low, ib may be further decreased by esterification, before dewaxing, in a manner simi- 
lar to that cmployed in ester gum formation (see Rusin and rosin derivatives). While 
a munber of solvents have been tried in an attempt to extract the beta component di- 
rectly, the most efficient methads depend upon dissolving the resin in an appropriate 
liquid such as toluene, and adding a nonsolvent such as alcohol. With poorer grades 
of dammar, a solution of petroleum naphtha and ethyl acetate may be substituted for 
the toluene. 

Elemi. The word elemi appears to be derived from ‘‘enaemon”’ a styptie medicine 
used by Pliny. At one time, there were a variety of elemis, the Yucatan elemi from 
Amyris plumicre; the Mexican elemi from Amyris elemifera; a Brazilian elemi from 
Protiun heptaphyllum; an African elemi from the Boswelléa freriana; and an Hast 
Indian elemi from the Canarium zephyrenum, but at present the term is restricted to 
the material secured from the Canarium luzonicum of the Burseraceac family indige- 
nous to the Philippine Islands, particularly the island of Luzon. 

Manila elemi is a soft, sticky, pasty, opaque greenish or yellowish resinous product 
interspersed with a crystalline component which can be removed from spirit solution. ' 
Elemi has a fragrant terebmthinate odor that has been described as a mixture of lemon 
and turpentine; the taste is bitter and spicy; the acid number varies from 30 to 35, 
the saponification number is 20-40. The resin is soluble in aromatic hydrocarbons, 
alcohols, ketones, but not in aliphatic petroleum liquids, and is compatible with drying 
and noudrying oils, waxes, cellulose nitrate, ethyl cellulose, phenolic resins, and vege- 
table pitches. Tn July 1953, elemi was selling in cans for 22~24 cents per pound. 

The essential oil derived from elemi is fragrant and consists of phellandrene and 
dipentene. Amyrin, CyH0, was isolated from elemi as early as 1839, The product 
has been fractionated into two forms known as e- and @-amyrin or amyrenol. Other 
derivatives that have been characterized are hrein, CapHyoOe, a-elemolie acid, CupHagOs, 
and 6-elemic acid or 8-clemonic acid, CaO; (70,24), While the structure of these 
derivatives has not been unraveled, considerable literature exists on the amyrins 
as they provide the key to the pentacyclic triterpene structure and a host of natural 
products that are presumed to have the same skeleton (27). Whether e-amyrin 
and B-amyrin (IfI) are structural or stereoisomers has not been determined. This 
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isomeric uncertainty is reflected. in derivatives such as @e- and 6-boswellic acids (LV), 
which occur in olibanum (frankincense) (p. 684). Dehydrogenation of a or B-amyrin 
yields 2,9-dimethylpicene. 


H,C CH, HOOC CH, 
HO CH, HO CH; 
CH: CH, 
HC CH, H,C CH, 
HiC CH; H,C CH; 
GU) p-Amyrin (LV) Boswellic acid 


Kauri Copal. The first mention of this resin appears in Captain James Cook’s 
diary on November 16, 1769, during his charting of the South Pacific. The resin 
reached commercial importance sometime later, and it has heen the basis of British 
varnish practice, cnabling them to make a product outstanding for elasticity, durability, 
and gloss. 

Kauri resin is a product of the kauri pine, Agathis australis, a conifer which is 
abundant in the forests between North Cape and 38° south latitude. The resin is now 
found buried in areas where trees no longer exist. Some of the resin is secttred fram 
soil whereas other varieties are found in swamps, giving rise to the name “range” 
and “swamp” varieties, respectively. The former is somewhat lighter tm color than 
the latter. There is a third variety known as “bush” or “bled” kauri which is secured 
by deliberate or accidental wounding of the living tree. Commercially, there are avail- 
able three general types, the pale, the brown, and the bush with about 18 subclasses. 
With increasing demand for the low-grade powdered kauri, particularly for Jinoleam 
manufacture (see Vol. 8, p. 399), much of the ground is being reworked in order to take 
advantage of resins that were once spurned for varnish manufacture. Mechanical 
cleaning methods, presumably borrowed from mining flotation, have been studied in 
an effort to secure a more uniform product. In addition, solvent purification methods 
have proved interesting technically but have failed economically because the price 

‘secured from the cleaned solvent-extracted resin does not justify the expenditure. 
In July (953 kauri was selling in bags for 30-50 cents per pound. 

Kauri does not have to be degraded thermally to as great an extent as Congo copal 
(p. 678) in order to render it compatible with oils. The running losses are from 20 to 
25% at temperatures of about 600°F, The volatile materials secured from degradation 
indieate that fenchyl aleohol, dipentene (dl-lmonene), and d-a-pinene were present. 
Among the acids isolated from kauri are kaurinic acid, CyHigQ2, and e-kaurolic acid, 
CyHyO2, both of which are monobasic, and agathic acid, CoH O., which is dibasic. 
The last acid appears to be identical with that secured from Mauila copal (see p. 677). 

The “kauri-butanol” test employs a solution of an especially hard kauri desig- 
nated pale kauri XXXCX in 1-butanol for rating solvent tolerance of varnish thinners; 
it measures the volume of thier which may be added to a standard solution without 
causing turbidity. 

Manila Copal. Manila copal is a product of Ayathis spp., typical conifers having 
straight, smooth trunks and growing to a height of 200 feet; they are nearly as tall as 
the kauri pine. The family of the Araucariaceae are found in the Philippine Islands 
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and in Indonesia. The resin, however, takes its name from the port by which it 
enters the market. Locally, the resin and the tree are known as almaciga. The 
resin is also secured from Borneo, Celebes, the Moluccas, and New Guinea; these 
varieties are designated ay Macassar, Singapore, Pontianak (Bomeo), Sambas, 
and Ternate. (See also “Congo copal,” p. 673, and “I<auri copal,” p. 676.) 

The Manila copal is classified as to whether the product is ohtained from. tapped 
or wounded trees, The tapped product is gathered after about tavo weelks and is 
then known as “melengket” ov soft Manila; where it is garnered after one or more 
months, it is designated as “lobe” or half-hard Manila. Accidentally wounded or 
semifossil resin of a few years age is a hard Manila or “Pontianak,” whereas the hard 
buried product ts fossil! Manila or “boca.” A white boew is secnred from the forests, 
but the collection of this product is a difficult task because of the height, of the trees. 
Tn each one of these classes are various subclasses depending upon hardness, particle 
size, and the presence or absence of foreign material, 

Manila resin is an alcohol-soluble copal and the most important, use is derived from 
this dispersibility; the more recent type of resin possesses superior solubility whereas 
the hard brittle types must be thermally processed to render them compatihle with oils. 
As might be expected from the range in the age of the resins, their physical proper- 
ties are extremely wide. The specific gravity varies from 1.06 to 1.08, the acid num- 
ber from 125 to 150, and the saponification number from 145 to 190. 

Manila copal is used in paper and wood varnishes, lacquers, wax emulsions, 
traffic paints, as a undercoat ou many surfaces, and as a substitute shellac. In July 
1953, copal, Philippine, pale, chips, bags, was selling for 16.5-19 cents per ponnd, and 
the Pontianal: copal, chips, bags, was selling for 20-22 cents per pound. 

The components in the resin have only been roughly characterized. i conunon 
with other resins, there is a small amount of volatile oils together with a variety of 
agidic materials. One of the acids, agathie, which has also been isolated from kauri, 
has been studied in considerable detail by Ruzicka (25). 

Agathic acid (V), inp. 208-4°C., [a]y 52-56° (in ethanol), possesses a skeleton 
somewhat reminiscent of abietie acid Gee Rosin) in that agathic acid degrades to 
pimanthrene (1,7-dimethylphenanthrene) and abietic acid yields retene (7-isopropy!- 
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1-methylphenanthrene). The action of formic acid on agathic acid results in ring 
closure to a tricyclic dicarboxylic acid, dsoagathic acid (V1), mp. 287-88°C., [a]p 
12.84°, which in turn can be dehydrogenated to pimanthreue. Both agathic and iso- 
agathic acids, when heated above their melting points, lose carbon dioxide to yield 
noragathie (VII) and isonoragathiec acids (VIII), respectively (25). 

It has been pointed out that there is an apparent relatiouship between the strue- 
ture of agathie acid and vitamin A, but it is quite possible that this association is 
fortuitous, arising as a manifestation of the isoprene nile. 

Mastic(h). The product of Pistacia lentiscus, an evergreen shrub of the Ana- 
cardiaceae family, is found throughout the Mediterranean basin from Syria to Spain. 
Mastic is also found in Portugal, Morocco, and the Canary Islands. The resin 
has been cultivated almost from the time of Dioscorides on the Island of Chios, where 
the finest quality isfound. It is obtained fram the bark rather than from the wood by 
making vertical incisions, Oval tears gather and they are collected twice a month 
during the period of June to September. The resin is usually in the form of smal] 
beads that are transparent and glossy and range from yellow to green m_ color. 
A certain segregation is made whether the resin is collected regularly from the tree or 
whether it is collected from the ground where there is possible contamination with sand. 

The resin is soluble in alcohol and aromatic hydrocarbons, and is compatible with 
vegatable oil, but it is only partially soluble in paraffinic and naphthenic hydrocarbons. 
It has a specific gravity of 1.04~1.06, an acid number of from 50 to 70, and a saponifica- 
tion value of from 62 to 90. While there is some use of mastic in lithography and in 
incense manufacture, it is employed primarily for the preparation of pale, transparent 
varnish for coating paintings in oil or water color, The film is sufficiently elastic 
without added plasticizers: Any use of mastic medicinally appears to be obsolete. 
A solution of the resin in alcohol tastes warm and pungent. In July !953 mastic was 
selling in cases for $2.00-2.10 per pound. 

Masticinic acid, CysHaO,, and masticonte acid, CysHyOs., have been isolated 
from the natural product. There are other varieties of Pistacia such as P. khinjul 
and P. cabulica of Sindh, Baluchistan, and Cabul, and P. atlantica of Algeria, which 
yield resinous substances resembling mastic. 

Oriental Lacquers. From Rhus vernicifera, a tree indigenous to China, there is 
obtained, by tapping, a gray-brown colored viscous sap which on exposure to air forms 
a thick tough film. When applied fo a surface, it dries in a few days to a hard, highly 
resistant surface, which takes on a high polish and is remarkably durable. The process 
is widely used throughout the Orient to waterproof wood and to coat leather. It was 
employed by the Japanese, and also by the U.S. Army during World Wur I, to protect 
their airplane propellers. While the operation is highly successful technically, it is 
time-consuming and tedious. 

Attempts to introduce this lacquer m the West have been met with resistance 
owmg to the peculiar poisonous properties of the phenol, urushiol, in the resin. Recent . 
work indicates that this urushiol may be related, to some extent, to the toxic ingredient 
found in poison ivy. 

Sandarac. Callitris quadrivalvis, a coniferous tree native to the Atlus mountain 
region of North Africa, is the source of sandarac. A number of the Australian callitris 
species vield a pine gum or Australian sandarac. The African variety, exported 
chiefly from Mogador, is in a form of yellowish limps, dusty on the outside and readily 
pulverized. 
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The resin has a specific gravity of 1.05-1.09, a softening point of 100-130°C., 
an acid valne of 117-155, and a saponification value of 145-157. It is soluble in alcohol 
but is insoluble in both aliphatic and aromatic hydrocarbons. 

The resin is used as a primer for metals and a spirit varnish for photographs and 
paintings. It is also used in varnishes for bookbindings, blackboard varnishes, and 
negative varnishes. The Arabs used the product as an incense and as a remedy for 
diarrhea. In July 1953 sandarac was selling in casks for $2.50-3.50 per pound, 

A number of acids (sandaracolic, CysHeeQ7, eallitrolic, CosHaiOs, and sandaraco- 
pimaric, Cu9He0O2) have been isolated but not characterized. 

Tacamahac. This resin is sometimes referred to as “West Indian anime’ resin 
aud is used in the manufacture of certain types of varnishes. It appeurs to be de- 
rived from Leica heptaphyllum and Elaphyrum tomentosum. There are two types, one a 
soft unctuous, yellow-green resin with a fragrant smell approaching that of lavender 
and ambergris, derived from the fruit of the tree, and the other a semitransparent 
granular product, derived from the trunk. Much of the tacamahac resin that is found 
in commerce appears to be of dubious origin and may be a wnixture of a genuine with 
other, less valuable resins. 


Medical Resins and Balsams 


Certain natural products may assume properties of both gums and resius and have 
been considered « separate class of gum-resins. These products contain resins which 
may be suspended by or along with the gum and, in addition, volatile oils may likewise 
be present. Tf the resin is dissolved in alcohol, the gm remains as an insoluble residue. 
From Indian frankincense (olibanum), a water-soluble gum, a water-insoluble gum, 
volutile oil, and resin can be. isolated. Other guim-resins falling into this category 
are ammomiacum, asafetida, galbamam, gamboge, and myrrh. 

The natnre of the chemical components entering into the varnish resins are only 
poorly understood but in the case of the gum-resins, this knowledge is almost non- 
existent. The reason for this state of affairs is not difficult to ascertain—these resinous 
materials are impossible to characterize by the conventional crystallization identifica- 
tion methods. It is a hope that the introduction of the newer physical analytical 
tools, based on spectrographic and. chromatographic methods, will in the course of time 
encompass these natural products, hut wntil this type of identification occurs one must 
be content with descriptive details that are meagerly chemical and frequently all botan- 
ical. 

Where the particular gum-resin is catalogued in the latest U.S. Pharmacopeia 
(14th revision), or the National Formulary (9th edition) the fact is so indicated. 
It should be kept in mind that certain of these gum-resins have disappeared from the 
pages of the pharmacopeia with time, and merely because the product is not now listed 
does not mean that information on testing could not be secured from earlier editions. 

Aloe, U.S.P. XIV. The term aloe, at the present time, relates to a genus of plants 
belonging to the family of the Liliaceae, native to South Africa, but the tern: has been 
applied to a variety of other ‘plants of Arabia and India such as eaglewood which 
yields resin and oil particularly for use in incense. 

Aloe is a medicinal substance possessing purgative action and secured from the 
leaves of the plants of Aloe perryi (Socotrine aloe), A. barbadensis (A. vera) (Crragao 
aloe—but from the Antilles), aud A. feroz and hybrids (Cape aloe), (See Vol. 3, pp. 
278, 274.) . 
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When cut, the plant yields a juice which, upon evaporation, yields a resinous 
mass, but there is reason to believe that the active biological principle resides not in the 
resin but in the accompanying glycosides. Aloe-emodin (3-(hydroxymethyl) chrysazin) 
(IX), CyHwOs, has been isolated as well as harbaloin, which appears to be a glycoside of 
aloe-emodin (4). The structure of aloe-emodin indicates why it bas been employed as 
a colormg agent. 
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In February 1953 Curacao aloe was selling for 50-55 cents per pound in kegs, Socotrine 
aloe for 25-35 cents per pound in kegs, and Cape aloe for 29-45 cents per pound in cages. 

Ammoniacum., This gum resin is dertved from the plant Dorema anumontacum, 
of the family of the Umbelliferae. Incision of the plant yields a milky juice which 
hardens to nodular bodies known as “tear ammoniacum.” 1, is used in medicine and 
posscsses @ hauseous, sweet taste followed by 2 bitter one; in certain respects it re- 
sembles galhanum. (see p. 682). It is used internally tu certain types of asthma. 
Tn February 1953 it was selling for 85-65 cents per pound m cases, 

A erystallme compound known as anunoresinol was isolated from anrmoniacwm 
around 1920. Amunoresiuol was at first presumed to have the composition CirHOs, 
a derivative of -y-resoreylic acid (2,6-dihydroxyhenzoic avid), but subsequent studies 
revealed that the product has the formula CoH yO. with the strueture shown in for- 
mula (X) (80): 
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Asafetida (asafoetida), N.F. UX. This resinous gum is secured from an um- 
belliferous plant, Ferula foetida; this plant, » relative of fennel, is a native to Persia 
and Afghanistan. The plant must be about five years old before it is ripe enough to 
yield resin. It is cut at the roots and the juice that forms sets to a solid resinous mass. 
Oxidation apparently occurs because the treshly exposed surface is white in appearance 
but turns pink, reddish, and eventually brown, 

Asaietida is a foul-smelling substauce and has been referred to as “devil’s dung.” 
It possesses a bitter, acrid, biting taste and a strong garlic odor, the latter arising 
because of the presence of sulfur compounds, Small amounts are used in condiments 
and in the preparation of sauces. The resin has been used as an antispasmodic but the 
benefits accruing from its administration may arise less from any absorptive character 
than from the inental impression induced by its unpleasant odor and taste. In Febru- 
ary 1953 asafetida was selling in cases for 832-35 cents per poundand powdered in barrels 
or drums for 50-53 cents per pound. 
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Aspidiam, U.S.P. XIV. ‘This oleoresin is secured by extracting the male fern 
with ether. Tt is used as « teniafuge and comprises a number of constituents: vola- 
tile oil, filicm, albaspidin, flavaspidic acid, aspidinol, flavaspidin, and filmuron; the 
therapeutic constituent appears to reside in the filicin. 

‘Balm of Gilead”’ (Jeremiah Chapter ix: 22; xxxxvir 11). This resin, also known 
as “mecca balsam,” appears to be derived from Commiphora opobalsamum, a tree found 
in Arabia and Abyssinia, although there is some indication that the true product is 
secured from the Populus balsimifera, but since there are no specifications in the refer- 
cnees, final decision has not been reached. When fresh, the viscous liquid possesses 
a penetrating odor; on standing some of the liquid solidifies. It ean be and is fre- 
quently adulterated. Dried Balm of Gilead buds were selling in February 1953 for 
$1.35-#1.45 per paund in bags, 

The “Balm of Gilead fir’ or balsam fir is similar to the fir tree which yields Stras- 
bourg turpentine. 

Balsam of Peru (Peruvian balsam, U.S.P. XIV). This oleoresinous liquid is 
secured from the bark of the Myrexylon. peretrae, a lofty leguminous tree found in the 
forests of Sau Salvador in Central America. ‘The tree has been introduced into Ceylon. 
The tree secretion is induced by heating or scorching the bark; the exudation is canght, 
with rags which are pressed and boiled with water. The resin that separates is packed 
and is of a thiek deep brown or black coloration and has a fragrant balsamic odor. 
It is used both in medicine and in perfumery. Because of its powerful antiseptic action 
it is used to a considerable extent in the treatment of parasitic skin diseases, such as 
seabies. While at one time it was omployed in the treatment of phthisis, it has been 
shown to be of little value. 

A white variety of balsam of Peru is sometimes available, aud may be derived from 
the fruit of the same trec. The resin is adulterated not only with resinous materials 
such as colophoiy and gurjun balsam, but, in addition, it has been camouflaged with a 
so-called synthetic balsam of Peru, a mixture of aromatic substances containing 
cinnamic and bengoie acid esters. Since these aromatic materials closely resemble 
the natural product in odor and appearance, the adulteration is difficult to detect. 

Peru balsam was selling in drums for $1.35-2.00 per pound in Februgry 1958. 

Balsam of Tolu (Tolu balsam, U.S.P. XTV). Tolu balsam is aromatic and is 
obtained from artificial incisions of Myrozylon punctatum (M. balsamum, M. tolutfera), 
a tree Indigenous to equatorial America. The name Tolu is derived from a small town 
near Cartage iu Colombia. Initially the liquid is collected in gourds. When fresh, 
the balsam is a soft, tenacious, tesinous material which becomes harder on standing. 
It 3s thicker than balsam of Peru and, if a small fragment is warmed and pressed be- 
tween two sheets of glass, crystals of cinnamic acid can be discerned in the resin, 

The balsam. has a fragrant odor and an aromatic slightly acid taste. It is used 
in perlumory, cough sirups, and as lozenges. It is an irritant expectorant used in 
brauchitig and also has. a mild antiseptic action. (See also Vol. 5, p. 684.) Tolu 
balsam, was selling in cans and drums for $3.00-4.25 per pound in February 1953. 

Benzoin (benzoinum), U.S.P. XIV. Benzoin, also known as “gum Benjamin,” 
is a balsamic, resinous product secured from various species of Styraz, trees that are 
native to Sumatra, Java and Siam. Siam benzoin is characterized by its pronounced 
odor of vanillin and by its freedom from cinnamie acid. It contams up to 38% of 
benzoic acid. Sumatra benzoin contains up to 80% of cinnamic acid and occurs in 
block form, which consists of white tears agglutinated by a semivitreous resin of dull 
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red or even greenish color. Palembang benzo is another type of Sumatra benzoin 
derived from a similar variety of tree. It consists of grayish transluceut resinous 
masses and possesses only a slight odor, It does not appear to contain cinnamic acid, 

Gum. benzoin is used to a fair extent in medicine, particularly in the treatment of 
respiratory discases. It is a constituent of friar’s balsam. 

Coniferyl alcohol (3-(4-hydroxy-3-methoxyphenyl)-2-propen-l-ol) and sumaresin- 
olic acid, CyoHagO., a dihydroxy acid isomeric with hederagenin, have been isolated 
from benzoin (26). In February {958, Sumatra benszoin was selling for 38-40 cents 
per pound in cases. 

Cannabis Indica. From Indian hemp, Cannabis indica, one secures a@ resinous 
excretion known as marihuana, hashish, or bhang, an intoxicating drug used in the 
Orient. Fractionation of the resin yields the active principles, eannahinol, and same 
of its derivatives (see Vol. 7, pp. 777-78). 

Copaiba, N.F. IX. The balsam of copaibu (copaiva or capive) is an oleorcsin 
secured from the trunk of the Copaifera landsdorfiz which is found in the West Indies 
and in the Amazon. The viscous transparent liquid can vary all the way from light 
gold or pale yellow to a dark brown depending upon the relative portion of resin and 
essential oil. ‘The resin is employed in subacute stages of cystitis and gonorrhea; itis 
also used in bronchial diseases and is prescribed along with other diuretics to promote 
the secretion of urine. In Febrnary 1953, copaiba was selling in cans and drums for 
$0.90-1.75 per pound. 

From Dipterocarpus turbinatus, a tree of the Indian and Haste archipelago, there 
is obtained an oleoresin very similar to copaiba balsam‘ known as “Gurjun balsam.” 
a- and B-Gurjunene, CisHau, have been isolated from the balsam oil, There is, in 
addition, a tree, probably Dandella thurifera, which secretes a resin resembling copaiba. 
This is known as ‘“IUlurin balsam” and also as “West African copatba.” 

Dragon’s Blood. This resin, also known as ‘“sanguis draconis,” is derived from 
the Calamus draco, one of the rattan palms. Called Kinnabai by Dioscorides, it was 
used as a medicine by the Arabs. The resin was employed by the 18th century Italian 
violin makers but its present use is for coloring varnishes and lacquers, The black- 
brown resin, in solid form, dissolves readily in alcohol to yield a crimson solution. In 
February 1953 dragon’s blood, mass, was selling for $1.25-1.30 per pound, in cases, 
and dragon’s blood, reeds, was selling for $1.40-1.45. 

Frankincense. See “Olibanum.” 

Galbanum. This resin is related to asafetida (p. 680) and sagapenum (p. 685), 
and has been known for a long period of time. The name appears to be derived from 
the Hebrew “chelbenah” and it was used by the Israelites as an ingredient in their 
incense. The product is mentioned both by Hippocrates and by Pliny and was used 
by the Romans in fumigation; its present use appears to he medicinal. 

~The gum-resin is a product of Ferula galbaniflua, a plant native to India. The 
resin is secured in the form of shining lumps or tears varying from yellow to yellow- 
green. It has a specific gravity of 1.212, and possesses a bitter, warm taste, and a 
‘musky odor. Sulfur has been isolated from the natural ‘product, as well as crystals of 
umbelliferone, CyHsQ3. Many of the tests for the resin depend on the fluorescent 
reaction given by umbelliferone in the presenve of hydrochloric acid and ammonia. 
In February 1958 galbanum was selling in cases for 75-80 cents per pound. 

Gamboge (cambogia), N.F. IX. This gum is found on the market in the form of 
cylindrical pipes from one to two inches in diameter which are bright yellow to orange 
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yellow in eolor, It is derived from Camboja, in the area of Cambodia, Siam, and 
Cochin China where the tree Garcima hanburid secretes this gum-resin, The juice 
of the tree is evaporated to appropriate consistency and is poured into hollow molds 
made of bamboo. During shrinking and drying, the resin assumes the form of a small 
pipe. Gamboge is employed principally as a pigment and to a certain extent in medi- 
cine. Itis a drastic hydragog cathartic, a mild diuretic, and an emetic. In Febru- 
ary 1958 it was selling for $0.90-1.00 per pound in cases. 

Guaiac (guaiacum), N.F. LX. Cniaiac is secured from the wood of Guajacum 
officinale (guaiaci ignum), a tree growmg in the West Indies and on the northern 
coast of South America. The guaicum oecurs as an exudation in the form of rounded 
tears or brown masses. The resin has a slight balsamic odor and a taste which is 
deceiving; initially, the product is tasteless, but subsequently causes an intense 
burning seusation in the throat. The resin ig turned blue by various oxidizing agents. 
Cuaiaconie acid, e-guaiac acid, and guaiaretic acid (XT) (9) have been isolated from 
the resinous mass. 

The wood, especially the inner portion, contains a fair quantity of resin. In 
the form of the ammonium salt the resin is used internally; decoctions have been used 
for the treatment of gout and rheumatism. Chemically, tincture of guaiacum is 
employed as a test for hemoglobin. 
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The N.IF. grade was selling in February (953 for 55-60 cents per pound in cases. 

Jalap (resina jalapaé), N.F. TX. This cathartic drug can be isolated from 
tuberous roots of Exogontum Upomeca) purga hy extraction with alcohol, distilling 
off the solvent, and adding water to the residual solution to precipitate the resin. (See 
also Vol, 3, p. 275.) Two glycosides have been isolated, convolvulvin and jalapin or 
seammonin. Jalapin appears to be related to seammony (see p. 685). 

Jalap root, N.F., was selling in February 1953 for 45~55 cents per pound im barrels 
and powdered, in har "rely and boxes, for 50-60 cents per pound. 

La(b)danum. Ladanum, obtained from Cistus ladaniferus and also C. cypricu 8 
and C. ereticus, is of importance in the perfume industry and is indispensable in the 
manufacture of certain varieties known as “Oriental.” At one time it was stated that 
the resin was colleeted from the beards of goats; actually it appears that flocks of sheep 
used to be driven to the Cistus or “rockrose” shrubs and the resin that was adhering 
to the wool removed. 

Ladanum possesses an odor suggestive of ambergris and is the closest approxi- 
mation to ambergris in the vegetable kingdom. It oecurs in dark brown or black 
viscous masses that are readily softened by heating; the mass exhibits a grayish frac- 
ture when broken and the fresh surface rapidly darkens. . The resin is not soluble in 
water but dissolves in aleohol. Because of adulteration, few authentic specimens have 
been studied intensively. 
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Ladaniol has heen isolated from, the resin in the formn of white fragrant crystals 
nielting at about 89°C.; it may be identical with champacol, the odoriferous substance 
from chainpaca wood, 

Myrrh (myrrha), NF. IX. The gift of the Magi was esteemed by the ancients 
as on unguent, as a perfume, as incense, and as a component in embalming prepara- 
tious. While the odor of buming myrrh cannot be considered the most attractive, 
it is not impossible that tastes in odors may have changed with time. The myrrh of 
commerce is known as heerabol myrrh, the resinous gum from the Commiphora myrrha, 
a tree of the Burseraceae family found in east. Africa and Arabia, A related variety, 
bisabol (bhesa bol, bissa bol) myrrh secured from the Commiphora halaf, likewise 
resembles myrrh but possesses a bitter taste. It is stated to be used in China to 
improve the quality and quantity of cow milk. Other varieties of myrrh are secured 
from C. africanum, C. mukul, and C. pubescens, , 

The resin exists tn the form. of irregular sizes and shapes of a reddish-brown to 
almost black color. It has an aromatie odor and a bitter pungent taste. If is 
used to some extent in medicine, in the manufacture of toilet preparations and per- 
fumes, and in incense. Bisabol myrrh is used in the manufacture of Chinese joss 
sticks. Medicinally, myrrh was supposed to warm and strengthen the viscera and was 
used tn languid cases and in diseases involving suppression of uterine discharges. The 
ancient Greeks added myrrh to thelr wine. A hydrocarbon known as heerabolene, 
CysH:, has been isolated from heerabol nyyrrh. 

Bdellium resembles myrrh and is found in the various species of Comndphora and 
Balsamodendron. 1b appears in commerce in somewhat larger pieces than myrrh and 
its value lies in its aromatic properties. It can be distinguished fram myrrh in that it 
does not give a violet coloration with nitric acid. 

Myrrh was selling in cases in February 1953 for 30-35 cents per pound. 

Olibanum. Olihanum, or frankincense, was known to the Grecks under the 
name “libanos,” to the Romans as “olihanum,’” and to the Arabs as “luban,” all 
apparently being derived from the Hebrew word “sebonah,’ meaning milk. This 
gum-resin has always been regarded as one of the indispensable ingredients of 
incense for religious purposes. Frankincense was used by the ancient Egyptians in 
their rehgious rites and it was one of the components of the Jewish incense of the sanc- 
tuary; the product is frequently mentioned in the Pentateuch. The resin was used 
very extensively in medicine: Pliny states that tt ts an antidote to hemlock while 
Avicenna recommends it for tumors, ulcers, vomiting, dysentery, and fevers. One of 
the more interesting methods of medieation involves the introduetion of the resin into 
a scooped apple and roasting the combination whereupon the resin diffuses through 
the mass, Modern medicine dues not ascrihe any unusual virtue to this gum. 

Trees of the genus Boswellia, of the order Burseraceae, secrete the resin. Two 
varieties of frankincense are known to the Arab collectors, Lohan Dakar or male frank- 
incense and Loban Maidi or female frankincense, being derived respectively from. 
Boswellia cartert and B. frereana. Only the male frankincense appears in commerce, 
the other variety being used in the country of origin, as a kind of chewing gum. Frauk- 
incense is obtained by making a deep incision into the trunk of the tree; as the milk- 
white juice exudes it hardens on exposure to air. After about three months, when the 
resin has solidified sufficiently, it is gathered, packed in sheepskins, and moved to 
market to the Arabian ports of Aden and Makalla or directly to Bombay. Three 
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varieties are recognized: fine tears, small lumps and tears mixed, and siftings. The 
resin consists of a small amount of fragrant essential oil together with a gum that re- 
sembles gum arabic in composition and boswellic acid (TV) as acetate. 

Olibanum siftings were selling in cases in February 1953 for 16-L8 cents per pound. 
and tears for 20-30 cents. 

“Common frankincense” is a term applied to the resin secured from the bark of the 
Norway spruce fir -Lides excelsa found principally in Finland and in the Black Forest. 
When welted in hot water and strained, the resin constitutes Burguaty pitch. The 
principal components of the pitch are several complex resin acids and sinall quantities 
of esters and essential oils; the acid value varies from 138 to 148. 

Opopanax, Burton in his “Anatomy of Melancholy” spoke of “opopanax, 
sagapenuim, assafoetida, or some such filthy gums,” but it is known that opopanux 
is an ingredient used in perfume. It appears that the strong physical similarity be- 
twee the fetid resin and the perfume resin has led to a great deal of confusion. One 
type of opopanax, which was not used in perfumes, has a penetrating and somewhat 
offensive odor resembling that of crushed ivy leaves. This material has been employed 
in medicine from the time of Dioscorides. Quite probably, this resin is a product 
af Opepanax chironium Cor QO. hisbidus), a native of Greece. The perfume opopanax 
resembles the odor of bdellium but it is sweeter and posses a heavier fragrance. The 
plant from which the perfumed resin is obtained appears to be of the family Burse- 
TAcove, 

Podophyllin (podophyllum resin, N.F. TX). Two species of podophylli are 
known, Podophyllum peltatum, the American variety, and P. emodi (or P, hezandrun), 
the Indiau type. The resin is secured by extracting the dried rhizome with alcohol 
und precipitating by adding acidilated water. It is pale yellow or brown in color, 
with a bitter acrid taste, and has an irritating effect on the eyes. While its chief use 
has been in medicine us a purgative (see Vol, 8, p. 276), it is now of special interest: 
because of tts effeet on mitosis. Thus podophyllin aud some of its constituents have 
shown destructive action on tumors of the sarcoma 37 series ti mice and have reduced. 
the size of sarcoma J80 (mammary). Podophyllotoxin, Cy2H.Os, a crystalline lac- 
tone, has been isolated [rom both American and Indian varieties of lhe resin. ‘The 
constitution of podophyllotoxin and picrodophyllin (apparently a stereoisomer) has 
been subject to considerable re-examination (82,10). Formula CXID), p. 683, long 
accepted, is now considered to be incorrect in two respects: the position of the hydroxyl 
group and the structure of the lactone ring. The lactone ring of the active podo- 
phyllin compounds is assigned a trans configuration, The stereochemistry of the 
hydroaromatic ring seems to be intimately connected with the physivlogical activity 
(ta). a 
The N.F. grade was selling in drums in Febrnary 1958 for #1 1.00 -11,20 per pound, 
Sagapenum. ‘This gum-resin comes from an umbelliferous plant, the FPerula 
(possibly F. persica or F. szouitziaua), of Arabia and Persia, in the form of dark brown 
masses. Its odor is not pleasant, resembling that of asafetida. The resin is no longer 
common In commerce. 

Scammony. Incision of the living roots of Convoluulus scammonia, a plant of the 
Convolvulaceae fainily, yields an cmulsion, which on drying and pressing results ina resin 
in the form of large, fat grayish pieces or irregular flat humps. The odor of the scam- 
mony of commerce is reminiscent of cheese and the taste is acrid. The active prin- 
ciple appears to be scammoniu or jalapin. A Mexican variety, known as [pomoca 
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orizabensis, yields ipomea resin, N.F. TX. Scammony is a very potent hydragog 
cathartic. (See Vol. 3, p. 276.) It was selling in February 1953, in cans, for $1.95— 
2.30 per pound for hamps and $2.05-2.30 for powdered. 

Storax (styrax), U.S.P. XIV. Storax is a liquid oleoresinous substance derived 
from the trunk of the Liquidambar orientalis, one of the family of the Hamamelidaceae, 
which is indigenous to Asia Minor. It is collected by the Yaruks by beating the outer 
bark of the tree. This treatment causes the balsam lo exude into the mner bark where- 
upon the outer covering is removed and the mnor part stripped. Boiling water causes 
the balsam to separate, yielding the crude storax as an opaque grayish liquid of very 
thick consistency and having a sweet aromatie odor. In order to separate the resin 
from extraneous bark, the resiu is purified by solution in alcohol and subsequent 
evaporation. Under these conditions, the purified storax is in the form of a dark 
brown viscous liquid of powerful aromatic odor and taste. Aside from its uses in per- 
fume, if is used in medicine externally for various skin diseases and internally as wn ex- 
pectorant. The U.S.P. grade was selling mt cases tn 1958 for $0.90-2.05 per pound. 

Analogous substances are secured from Liquidambar altingia from Java and from 
L. styractflua of Mexico. The latter contains cinnamic acid but ua benzoic aeid. 
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RESINS, SYNTHETIC. See Plastics. 
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This article includes only those resins and plastics prepared by polymerizing fluoro 
and chloro fluoro hydrocarbons. For resins and plastics containing chiefly chlorine 
as the halogen, see: “Chlorinated paraffins” and “Chlorinated diphenyls” under Chlo- 
rine compounds, organic (Vol. 8, pp. 783, 826); Polyethylene (Vol. 10, p. 955); Resins 
from rubber; Hubber, synthetic; Vinyl compounds, resins, and plastics. 


Tetrafiuoroethylene Resins 


Vetrafluorocthylene resin (Teflon, Du Pont) is a high polymeric, completely fuorin- 
ated plastic material obtamed by polymerizing tetrafluoroethylene gas, CFy:Cly. The 
resin is composed of Joug straight-chain molecules closely packed. Finished articles 
of Teflon are white and tough, have a slippery feel, withstand high temperatures, and 
can be machined readily. The nature of the C—F bond gives this material excellent 
resistance to chemicals, fire, and weathermg, and good electrical properties. 

Fully fluorinated. carbon compounds were first prepared around 1935, and by 1940 
fluorocarbon monomers were available (see also Vol. 6, p. 752). In 1941, Plunkett 
prepared the white resinous solid polymer (6). Five years later the polymerization 
with hydrogen peroxide as initiator (1) and the properties and fabrication were de- 


TABLE J. Reagents Which Do Not Dissolve or Swell Polytetrafluoroethylene at Temperatures 
Up to Their Boiling Points. 





Water Acetophenone Phenol Trichloroacetic acid 





Methanol Other ketones Cresols Benzoie add 
Lithanol Aliphatic hydrocarbons Naphthols Aniline 

Benzyl alcohol Benzene Ethyl acetate Nitrobenzene 
Higher alcohols Toluene. Hithyl hexanoate Benzonitrile 
Ethyl ether Xylene Di-n-buty! phthalate Benzoyl chloride 
Higher cthers Other aromatic hydrocarbons Di-n-butyl sebacate Acetic anhydride 
Cellosolve Trichloroethylenc Diisobuty! adipate Dioxane 
Benzaldchyde Perchloroethylene Other esters Furan 

Acetone Hexachloroethane Formic acid Pyridine 

Methyl ethyl ketone Other halogenated hydrocarbons Acetic acid Piperidine 


Cyclohexanone ; Propionic acid 
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sertbed (5). A pilot: plant produced this resin for military applications in 1943, and 

in 1949 the first commercial-sized installation began operation, It is now also mann- 

factured in Great Britain by Imperial Chemical [Industries under the name Flion 
PROPERTIGS 


The propertics of Teflon arc shown in Tables I-III. 


TABLE H. Effect of Corrosive Reagents on Polytetrafinoroethylene. 











Yenp. of 





Reagent testing, °C. Aetion 

Hydrochloric acid, coned. 25 and 100 None 

Aqua regia 50 None 
Nitrie acid, coned. 25 and 85 None 
Nitrie acid, fuining 60 None 
Porehlorie acid dihydrate 25 None 
Sulfuric acid, concd. 25 anc 800 Nove 
Sulfuric acid, fuming 80 None 
Hydrogen fluoride, coned, 25 wid 100 None 
Hydrogen fluoride, liquid anhyd, 25 None 
Organic acids 25 and 100 None 
Sodium hydroxide, 50% 25 und 100 None 
Potassium hydroxide, 50% 25 and 100 None 
Ammonia, liquid 25 None 
Bromine (at 1 atm.) 25 and 100 None 
Chlorine (at 1 atm.) 25 and 100 None 
Fluorine (at 1 atm.) 150 Slight effect on moldings 
Potassium permanganate, 5% 25 and 100 None 
Hydragen peroxide, 30% 25 None 
Phosphorus pentachloride 100 None 
Fluoboric acid 25 None 
Sodium (metallic) 200 Slow atkagh 
Sodium peroxide 100 None 
Chlorosulfonic acid 25 None 
Ozone 25 None 





Polytetrafluoroethylene becomes an amorphous gel at temperatures above 327°C. 
Tu this state molecular segments are mobile and the particles cohere. When the tem- 
perature of the resin is lowered below the first-order transition temperature, it becomes 
eryslaline. Unlike other thermoplastics, polytetrafluoroethylene does nat hecome 
fluid even at very high temperatures, such as 496°C. As temperatures increase be- 
yond the fusion temperature of 327°C., progressively less energy is required to distort 
the gel, while the rate of decomposition increases, 


POLYMERIZATION OF TETRAFLUORONTHYLENG 

After the solid polymer of tetrafuoroethylene was discovered, considerable re- 
search was directed toward establishing a practical and commercial polymeriza- 
tion route. In one process (8), oxygen is used with organic peroxide compounds as 
the catalyst. The couditions of the reaction include the presence of substantial 
amounts of water, pressures of 1000 p.s.i., and a temperature range from 55 to 240°C. 
Corrosion-resistant tanks and an aqueous alkaline medium are suggested. 

An improved method (7) emphasizes the importance of water as a heat-transfer 
medium, the use of inorgunte peroxy compounds, the increasing polymerization tate 
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TABLE WW. Properties of Polytetraftuoroethylene. 














ASTM, 
method of test 
D7y2-447T 
1.37-1.38 _ 
Clear, 2.7 to 7.5. — 
Translucent to transparent —_ 
Substantially clear in range — 
2,000-4,000 A. 


_ Prope rty Value 





Specific gravity 2 9-93.38 

Tndex of refraetion, at 25° C. 
Tafrared transmission (0.01 in.) 
Visible transmission (thin films) 
Ultraviolet transmission (thin films) 


( dutdoor exposure (6 yr.) 


No detectable change 








pa. minus initial defection, 
’ Tangent of angle of repose, 


* Measured on Massachusetts Institute of Technology’ 's Co-Ax instrument. 


Tensile strength, at 25°C., p.a 2,000—-4, 500 D+412-41T 
Elongation (die G), at 25°C., % 100-200 D638-44T 
Flexural stvength, at 25°C., psi. 2,000 De50-42T 
Impact strength, Izod, {t.-lb./in, of notch 
At -57°C. 2.0 D256-41T 
At 25°C, 4.0 1256-41 T 
Atb77°O. 6,0 D256-41T 
C ompressive strength ab 0.1% defor mation, af 25°C., 1,700 1D605-42T 
p-8l. ; 
Stiffness (0.125 in), ab 25°C., pat 60,000 D747-43T 
Crecp in flexure, at 25°C., mils 07 ° 7 
Hlardneas, Shore, wt 25°C. 
Scleroscope with magnifier hammer §5~80 —_ 
Durometer D 55 _ 
Coeflivient of friction, at 25°C. 
Polytetrafluorocthylenc on polytetrafluoroethylene 0. 04-0.08 & 
Polytetrafluoroethylene on polished steel 0.05-0.1 a 
Deformation under load, at 50°C. and 1200 p.s.h, % 41-8 _ 
Heat-distortion temp., °C, 
High load 62 D648(a)~+4T 
Low load 130 D648(h)-44T 
Sp.heat, 88-128°C., enl./pram/ eC. 0.25 — 
Coefficient of expansion per °C., —40 to 278°C, 1.47 & 10-4 D696-42T 
to 
1.37 * 1074 
Thermal conductivity (0.46 en. thick), 2.1 —_ 
cal. /sqeem./hr./ °C. /em. - 
Brittleness temp., °C. <—80 D746-48T 
Maximum service temp., °C. 260 => 
Diclectrie strength, shart-time, volts/mil 
0,080 in. 500 1149-40T 
0.005 in, 1,500 D205-38T 
Dielectric constant at: 
60 eycles 2,0 D150-42T 
3 & 10° eyeles 2.0 . 
Power factor at; 
60 cycles <0 .0002 D150-42T 
3X 10° eycles <0.0002 _ 
Are reaistance, sec. >700 D495-42 
Volume resistivity, ohm-em. 10 D257-38 
Surface resistivity at 50% r.b., ohms 3.5 X 19" 1257-38 
Water absorption 0.00 D570-42 
Flammability Nonflammable — 
- Moisture permeahility, gram/sq.m./24 hr. 0.00-0.5 D697-42T 





a “Mils deflection at center of bar, ua xKxX 4h in, in 24 hr., when center “loaded flateris ise to 1000 
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with increase in pressure on the system, and the advantages of a buffer to prevent: 
large pHi fluctuations. The preferred conditions suggest 2 parts of water and 1 part, 
of tetrafluoroethylene, a temperature between 20 and 100°C., and a pressure between 
20 and 200 atm. 

By these two methods aud some vatiations (also patented), a granular polymer is 
obtained. Aqneous dispersions of the resin can also be prepared (3). 

Ina method for producing av aqueous dispersion (14), the tetrafluoroethylene gas is 
allawed to react, at 0-95°C. and 15-500 p.s.i., with an agitated aqueous solution con- 
taining a saturated aliphatic dibasic peroxy compound as the catalyst. The preferred 
conditions are 55-70°C., a pressure of 50-350 p.si., and disuccinic acid peroxide 
(bis(@-carboxypropiouyl) peroxide) as the catalyst at a concentration of 0.1-0.4%,. 
The agitation cau be accomplished iu a stirred vessel or in a rocker tube and the vessel 
should be corrosion resistaut. The resulting dispersion contains between 3 and 8% 
resin with the polytetrafiuoroethylene having a particle size of about 0.2 micron. The 
dilute aqueous dispersion can be concentrated by several methods. 

Maximum properties of palytetrafluoroethylene can be obtained only when the 
resi is fabricated at temperatures excoeding the fusion temperature. Since the rate 
of decomposition at temperatures above 302°C. is measurable and one of the gases 
released as a result of this degradation is toxic, care must be taken to provide adequate 
ventilation during fabricating or machining. 

Since polytetrafiuorcethylene does not melt and flow like other thermoplastics and 
cannot be plasticized, new techniques were necessary for fabricating the resin into de- 
sired shapes. The application of these techniques has made the fabrication of poly- 
tetrafluorcethylene a relatively simple matter. Table IV indicates the extent and ap- 
plication of these techniques. The paper and fabrics referred to in the table must be 
of such materials as asbestos, glass fiber, or mica, because of the high temperatures 
necessary to fuse coating of the resin. Fillers und colors can be added to the resin. 


TABLE IY. Fabrication of Tetrafluoroethylene. 


Finished forms Fabricating methods 








Molded shapes Cold preforming and fusing 
Complicated shapes or those requiring accurate Machining or coining and hobbing 
dimensions 


Tapes Machining or calendering 

Rods, tubes, and heavy-walled wire coatings Ram extrusion or serew extrusion (with a modi- 
fied extruder) 

Wire coatings of intermediate thickness auendering; extrusion of compounded eomposi- 
tion 

Thin-walled tubing, beading, and other shapes fixtrusion of compounded composition 

Coated papers, fabrics, and surfaces, enameled Dip coating or custing followed by fusion of 

wire, and thin films couting 
Coated surfaces and finishes Spraying followed by fusion 





The extrusion properties of compound resin from coagulated. tetraflucroethylene 
resin dispersion have been described (4). 

Teflon tetraflucroethylene resins, produced in the U.S. by E. I. du Pont de Ne- 
mours & Company, are available in a number of forms to meet the varied needs of 
fabricators, These include granular molding powder, aqueous dispersions (60% 
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solids), fine powder for calendering, extrusion compositions, and primer and top coats 
for wire enamels and metal finishes. 


USES 

Because tetrafluoroethylene resin is relatively new, and because of the initial 
difficulties which its unique properties presented to fabricators, the full field of appli- 
cations for it has not been explored as vet. 

Generally speaking, however, its combination of heat and chemical resistance, 
electrical properties, and resistance to adhesive action indicate its usefulness it chenni- 
cal, electrical, and other industrial fields. A partial ist of the more important. appli- 
cations found for polytetrafluorcethylene includes: gaskets, packings, bearings, pumyp 
paris, tubing, pipe and fittings, and tank Lnings. 

In the electrical and electronic field various types of insulation are niade for mo- 
tors, transformers, wire, cable, and fittings. Applications using its nonadhesive prop- 
erties inelide coatings on food-handling equipment. and in other industrial areas where 
this property is desirable. 

For a description of Teflon fibers see Textile fibers, synthetic. 
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Chlorotrifiuoroethylene Polymers 


Polymers of chlorotrifluorcethylene, CF,:CFCI, ranging from fluid oils to thermo- 
plastic resins of high molecular weight, are noted for their chemical inertness and ther- 
mal stability. These products were marketed initially hy The M. W. Iellogg Com- 
pany, Jersey City, New Jersey, under the name ‘“Kel-F”’ and later by the Bakelite 

Yompany, a Division of Union Carbide and Carhon Corporation, New York, New 
York, as Bakelite fluorothene, or “CF-3.” The term fluorothene has been suggested 
as a generic term for any chlorotriftuorcethylene resin. The oils are also available 
from Halocarbon Products Corp., North Bergen, New Jersey, under the name Halo- 
carbon, and from Hooker Electro-Chemical Company, Niagara Falls, New York, 
under the name Fluorolube. It is manufactured in Germany as Hostaflon. 

The high-molecular-weight resins are colorless, high-melting, plastic solids, which 
can be processed into several forms (see p. 700). The resins in the finely divided state 
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are also available as dispersions suitable for spraying or dipping. The lower-molecular- 
weight polymers, ranging from fluid, relatively volatile liquids to hard, high-melting 
waxes, are used as plasticizers for the resins and as lubricants and sealants. 

The polymerization of chlorotrifluoroethylene was first reported m 1937 (24), but 
it was not until the atomie energy program during World War Lf demanded materials 
of construction with an extreme degree of chemical and thermal stability that a high- 
molecular-weight, high-quality resin was obtained in good yield (20). Commercial 
production of the vesin was undertaken by Kellogg in 1947 and greatly enlarged facili- 
ties were announced in 1952. 

Chlorotrifluoroethylene resins ale available commercially in several grades, classi- 
fied hy NST (no strength temperature) or melt index (16). The low-molecular-weight 
oils are sold in several grudes based. on boiling range. See Table I (3,15). 





Resins 





Melt. viseosity ; 
BOE, )& Lutringic Osmotic 


eh 














Supplier Crada NST,?¢ OCD mnegapoises viscosity? mol, wt. 
M. W. Kellogg Ca. 240 240 7A 0.98 56,000 
M. W, Kellogg Co. 270 270 26 1.13 76,000 
M. W. Kellogg Co. 300 300 90 1.67 100,000 
Bakelite: Co. CH3-5 235 5 _ --- 
Bakelite Co, CI3-15 258 15 — — 
Bakelite Co, CF3-50 288 50 _ —_— 
Oils 
a ~ Boiling range, ~ — ~~ ~ 
Grade Deseription °CL(L rm, ITe) Pour point, °C. Mop, °C. 
1 Light oil Lbp~110 < 387 -— 
3 Medium oil 110-140 <- 37 — 
10 Heavy oil 140-200 ~-28 —_ 
10 Grease 200-230 +30 +30 
150 Wax 230+ +57 : +52 





4 Nominal average value. 
5 Tn 1,1,3-trifluoropentachloropropane at 100°C, 


The resins have alsé been classified by solution viscosity, intrinsic viscosity, 
osmotic pressure, and light-scattering measurements (3,7,13). According to osmotic 
pressure data, the average molecular weight of 240 NST grade resin is 56,000, but 
according to light-scattering data it is 350,000. This diserepancy arises in part from 
the different averages observed by the two methods, 1, and If, (see Vol. 10, p. 966), 
but other factors, as yet unexplained, must also be operative. One difficulty encoun- 
tered in all these measurements is the insolubility of the resin at room temperature. 
Properties of dilute solutions must be measured it uncommon liquids such as 1,1,3- 
trifluoropentachloropropane or 2,5-dichlorobenzotrifluoride at temperatures above 
100°C. where specialized apparatus and techniques are required. Constants in the 
equation [7] = KM (see Vol. 10, p. 967) are K = 2 & 10 anda = 1.0 (14). The 
relatively high value of a indicates a rather stiff polymer chain, which is to be expected 
for linear chlorofluorocarbon structures in view of the bulk. of the halogen atoms and 
the highly ionic character of the C-—F and C—Cl bonds. . 
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PROPERTIES 

Crystallinity. Many of the physical and chemical properties of chlorotrittioro- 
ethylene resins depend upon the type and extent of their crystallinity. These resins 
may well he described as erystallizable but not necessarily crystalline. The degree 
and kind of crystallinity in a given sample is a function of its molecular weight and 
thermal history, aud it is this variation in crystallinity which gives rise to so many of 
the interesting properties of the plastic. In industry, it is common to speak of the 
“qnick-quenched” resin as amorphous oud of the “slow-cooled” or “heat-treated”? 
resin as crystalline. At best, these terms are relative, stuce only the thinnest films can 
be quenched rapidly and completely enough to inhibit crystal formation and growth, 
Sheets thicker than /{, in. are almost always somewhat crystalline im the interior 
because the poor ther mal conductivity of the plastic permits rapid cooling of the outer 
surfaces only. 

Recently there have been notable advances toward an understanding of the 
mechanism of polychlorotrifluoroethylene erystallization (1,9,22). It isnow possible to 
distinguish microcrystallmity, detectable by x-ray examination, from macroerystallin- 
it¥, visible through the polarizmg microscope. The microcrystals are minute regions 
of local order which form as the molten plastic is slow-cooled to a point Just below its 
melting or first-order transition temperature (f,, = 211°C.). The macroerystals, on 
the other hand, are mueh larger spherulitic regions of molecular order, which grow 
around the microcrystalline nuclei as the plastic is heated below its melting point, 
particularly in the range 150-190°C. It has been shown that the number of micro- 
crystalline nuclei formed in a molded piece varies inversely with the molding tempera- 
ture, that the rate of spherulite growth reaches « maximum between 150-175°C.,, 
and that this rate drops to zero below 150°C. Between 175 and 190°C. spherulites 
are formed by heterogeneous nucleation only, that is, by growth around existing micro- 
crystals, and hetween 150 and 175°C. spherulites are also formed by homogeneous 
nucleation, that is, by growth around microcrystals arising spontaneously through 
random fluctuations in order, The fundamental crystal structure of polychloratri- 
fluorocthylene has also heen worked out recently. According to x-ray measurements 
of fiber diagrams (12), the unit cell is hexagonal with @ = 64 A. ande = 85 AL A 
postulated structure which satisties known chemical and x-ray data consists of a helical 
model, 14 monomer units long, with a repeat distance of 85 A. In the following sec- 
tions, data are giveu for both the crystalline and amorphous forms and for the various 
molecular weight grades where possible, 

General and Mechanical Properties. Chiorotrifiuorcethylene resins are hard 
and rigid rather than elastomeric. Nonetheless, the elastic modulus of the material 
varies so little with temperature thal thinner sections can be flexed without shattermg 
at liquid nitregen temperatures (—195.8°C.) and yet retain appreciable strength at 
temperatures as high as +200°C. The plastic is noteworthy for its strength, tough- 
ness, abrasion resistance, good aging characteristics, aud flame resistance. 

Crystalline polychlorotriflucraethylene is a denser, more opaque material, with 
higher tensile strength, lower elongation, and greater resistance to the penetration of 
liquids and vapors than the amorphous form. If the ecrystallmity is of the micro 
varicty and if the molecular weight of the resin is relatively high, the material retains 
the toughness characteristic of {he amorphous form. But if the crystallites ave of the 
macro or spherulitic variety, and especially if the molecular weight is low, the resin 
tends to hecome brittle. Retention of high molecular weight during processing is 
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advisable, therefore, because longer polymer chains not only erystallize and grow into 
spherulites more slowly than short chains but also funetion as an entangled “amor- 
phous” cement hetween any mierocrystallites whieh oecur in the mass. See Table IT 
(3,15). 

Thermal Properties. Chlorotrifluorcethylene resins are noted for their thermal 
stability at temperatiires up to 190°C. (see also Table IT). However, the high tem- 
peratures (260-315°C:.) encountered in extrusion or injection molding tend to degrade 
the polymer. The mechanism of thermal degradation seems to involve random scis- 
sion rather than “zippering’” (14), since the primary effect is reduction im molecular 
weight rather than degradation to monomer. No volatile products are evolved from 
the resin up to 300°C., and there the principal products seem to be Graces of halogen 
acids (2). Data presented in the literature for the fundamental thermal constants 
such as heat of fusion and specific heat can be misleading because of the varying de- 
grees of crystallinity in the investigators’ samples. Here, too, “quenched” may meat 
amorphous to moderately crystalline, and “heat-treated” may mean more or less well- 
developed crystallinity. Tor a full discusston see the original references (1,6,9,22). 


TABLE IL Properties of Chlorotrifluoroethylene Resins. 














Property Quene hed Theat- treated 

Specific gravity (D792487). . a bette eens 2.1 
Tensile strength, at 25°C. (DG: 38 46T), psi. 

240 NST grade... 0. tent enees +, 600 5,600 

BOO NST grade... ce eee eens +,200 5,500 

Oriented film... ee eee eee eet en aes a 30,000 
Tensile strength, 120°C., p.s.i. 

240 NST grade... ce eee tenet eens A85 -— 

300 NST grade 10 — 

Mongation in 2 in., at 25°C, (Db388-46T), % 
QAO NBT grade... ce eee eens 36 28 
S00 NST grade... ce ce teens 28 18 


Modulus of elasticity, at 25°C., pas. 
Tensile (D638-46T) 


240 NST grade... eter e cess 192,000 226,000 
800 NST grade... cee cee eee tees 135-176 ,000 222-3238 ,000 
Compressive (D695-44'T ) 
300 NST grade... 0.00 cece eee nye eae 185-191, 000 {68-177 , 000 
Flexural (D790-45T) 
240 NST grade. ... 2 ee. See tte eee es 182,600 _ 
300 NST grade........., Lees ete e cece eee eens 174 ,000 —_ 
Stiffuess, 800 NST grade, pai. ate | 
Os 810,000 ~ 
00 500,000 _ 
Ot Oa 250,000 — 
LO0C etn etree eens 22,000 -- 
921 08k 4,500 — 
Compressive strength, nt 25°C. (D695-44T), p.s.i. 
240 NST grade... ec eee eee etn ey 27, 450 _ 
300 NST grade... cc ee cca eee eens 27-40 , 000 52-88 , 000 
Flexural strength, at 25°C, (N790-45T), p.s.i 
240 N& ST ar 8 8,260 —_ 
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_ Property Quenched Teat-treated 

Flexural stvength, at 70°C, (D790—45T), p.s.i. ; 

240 NST prade. oe ee Lovee e eee 1, 890 _ 

300 NST grade... ccc etree eee eee YEO 
Impact strength, Izod, notch, at 25°C. (D250-47T), ft-lb. /in. notch 

240 NST grade... cee eee ee 9.36 - 

300 NST grade....0 0000. ce eben e eee eee weve BHR a 
Yield strength (0.2% offset), at 25°C, (D638-46T), p.si. 

240 NST erade. 0. eee cere eee ee 62,590 3,410 

B00 NST grade... eee eee ces 2,440 ~ 3,640 — 

sompression at yield, at 25°C., % 

B00 NST grade. 00 cece eee eee TAG 7.6 
Compression at failure, at 25°C., % 

8300 NST grade... ccc cet ete tee tees . 65 74 
Deformation under load, at 70°C. (DE21-48T), % 

240 NST grade... ec cee eee eens 30 _ 

300 NST grade... cece ee ence eee eeeee 36 — 
Abrasion resistance, at 25°C. (Ped. Spec. LP-40Ga, method LOOL) 

300 NST grade, g. loss/1000 cycles after 500 cycles 0.0178 0.0048 

300 NST grade, g. loss/1000 cycles after 3000 eveles.. 2.2.2... O.018t 0.0181 
ITardness, Rockwell, at 25°C. (D785-48T) 

300 NST grade... ce eee at eee eee R-11L R115 
Hardness, Shore, at 25°C, (1D676-17T), 300 NST grade 

BS Cr) (a > 100 —_ 

D soale. ccc tee erent eee rtd T7-~79 —_ 
Specific heat (9), eal./g./°C., at: 

0 hak © Fara deen tenn ents 0.211 0, 200 
02 Mek 0.371 1.09 
Dek 0.340 6.340 

Heat of fusion (6), cal./g.. ce eee 3.6 8.4 
Melting temp., bm CC... eee cette es —. 211 
Class transition temp., Ty"... eee None observed (~150 to 
+70°C.) 
Thermal conductivity, cal.(see.)(sq.em. (°C. /em.), att 
5 Sad © A 3.09 % 1074 —_— 
C60: Sak © 3.23 X 1074 _ 
Thermal expansivity, linear (D696-44), in. /in, /°C. 
—BO 10 F20PCL eee 1.5 * 10°74 _ 
20 to LAD°CL ce tere eee 7X 1075 —_ 
Brittle temp. (740-44), PCL ee ees <—85 —30 
lame resistance Nonflammahle 
Refractive index (D542-42), nh... eee eee 1.48 
Light transmission, %............ foie t eet ee cern tee estes Mfg in. sheet? V4 in, sheet? 
1 0 0 — 0 
BOO. er ee ene nnn et tte _ 23 
JODO eet ee ent etn eens 86 S7 
5300 ae 93 70 
150100 ca 96 82 
00) 0 98 88 ; 








* Plots of specific volume vs. temperature taken from interferometric and dilatometric measure- 
ments show only a gradual curvature upward, with a small break (phase transformation ?) at 60- 
65°C. and a sharp discontinuity (melting point) at 211°C, . _ 

* Brittle temperature is highly dependent_on film: thickness. _Polychlorotrifluoroethylene dis- 
phragms (4.0-70 mils thick) are stiff but can he flexed at ~ 180°C. without shattering, 
* Quenched. 
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Optical Properties. In thin sections, the quenched resin is colorless and trans- 
parent. In thicker sections or when heat-treated, the resin varies from an opalescent, 
blueto an opaque white, depending upon the degree of crystallinity. (See also Table IT.) 

Chemical Properties. Chlorotrifluoroethylene resins are noted for their resistance 
to oxygen, ozone, sunlight, strong bases and acids (including the fuming oxidizing 
acids), and a wide variety of organic solvents. The resins not only resist degradation 
by molecular scission but they also resist the penetration of these reagents. In this 
respect polychlorotrifiuoroethylenc is superior to polytetrafluorocthylene (see p, 687) 
because films made from the latter never consolidate sufficiently to serve as efficient 
barriers to corrosive liquids and vapors. 

Numerous data bave already been published on the uptake of chemical reagents 
by chlorotrifluorcethylene resins (4,4a). Most classes of compounds do not swell the 
plastic more than a few tenths of one per cent at room temperature. The chief ex- 
ceptions ate anhydrous chlorine (12%), ethyl ether (4%), and highly chlorinated or 
fluorinated compounds (for example trichloroethylene, 2%). There is no significant, 
difference in chemical resistance (that is, reagent uptake) between the 240 NST and 
300 NST grades, except in so far as the 240 NST grade tends to be much more crystal- 
line, and therefore more resistant to penetration. However, mechanical toughness as 
well as low permeability can be realized more certainly by retention of high molecular 
weight and the development of microcrystallinity through slow cooling rather than 
by macrocrystallization of the lower-molecular-weight resin. 

Permeability constants for polychlorotrifluoroethylene films in contact with air 
and water are compared in Table III with constants for several other plastic films. 
The permeability (P) of polychlorotrifluoroethylene is extremely small; only coated 
cellophane, Saran, and waxed glassine fall in the same class as efficient moisture bar- 
riers, 


TABLE III. Permeability of Plastic Films at 25°C. and 20 mm. Vapor Pressure. 








P x 10% 
Film . Air _ Water 
Polychlorotrifluorocthylene, 3 mils......00.0 00.0. ee 1.0 3.2 
Crystallized polychlorotrifluoroethylene, 3 mils........,.. 1.3 1.6 
Polychlorotrifluoroethylene, § milg..........-....62 20s 0.1 0.1 
Cellophane Limil....... cee cece eet eee eens - 47 
Cellophane, 0.4 mileoat, Tmil... 0.0.2.6 —_ 2.5 
Saran, | mil... cee eee cette eee ee ey — “1.4 
Polyethylene, Lmil... 0. cece ee teeter ae — 21 
Plasticized polyviny! chloride, cast, 40 mils...........0.... — 370 
Waxed glassine, Lmil. 0... eee e eee teat —_ 4.5 








* P (permeability) = Vd/Apai, where V = vol. (cu.cm.) of gas which passes in time / (ser) 
through a film of thickness ¢ (mm.) and area a (sq.em.) if the pressure difference ia Ap (em. Hg). 


Penetration rates of a number of organie and inorganic liquids and vapors through 
polychlorotrifluoroethylene films have been determined by sealing the liquids in bags 
made from 5 and 10 mil polychlorotrifluoroethylene film and determining the loss in 
weight as a function of time. The data in Table IV indicate that polychlorotrifluoro- 
ethylene is an excellent packaging material for many organic and inorganic materials. 

No significant changes have been observed in appearance, 10° cycle power factor, 
and brittle temperature of molded polychlorotrifluoroethylene sheets exposed to 
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TABLE IV. Permeability. 





Sealed Bag Tests” 








_. _ 7 ; Liquid Diffusion constants! ° 
Ammania, 28% < 0.02 
Hydrochloric acid, 37% < 0.02 
Benzene < 0.02 
Methanol <0.02 
Sodium hydroxide, 50% 0.03 
Salicylaldehyde 0.04 
Bromine 0.10 








General Foods Moisture Vapor Transmission (3,21) 














; Film thickness, MVT. g./100 
Film mil sq.in./d+ br. 
Polychlorotrifluoroethylenc H . 0.01-0.06 
0.01 

Polychlorotrifluoroethylenc 2 0.01 
Polychlorotrifluoroethylene >2 0.00 
Polyethylene 1 0.6-1.2 
Plasticized polyviny] chloride-acetate 1 6-12 





* 10 mil polychlorofluorocthylene A film, heut-sealed. Bags stored 2 weeks at 25°C. 
» Grams Joss/100 sq.in,/24 hr./mil. 


Florida sunlight for 1000 hours. In another experiment, there were no apparent 
changes in the plastic after one year of outdoor aging. 

There are no known solvents for chlorotrifluoroethylene resins at room tempera- 
ture (6,17). However, some aromatic and highly halogenated compounds dissolve 
the polymer above 100°C. Chlorotrifluoroethylene liquid polymers are good high- 
temperature solvents for the high-molecular-weight resins; phase diagrams for these 
systems show uo maximums. A satisfactory solvent for osmometric and viscometric 
measurements at 100°C. is 2,5-dichlorobenzotrifluoride. The best known solvent 
for the resin is 1,2,3,4-tetrafluorohexachlorobutane (¢, = 55°C.). A convenient high- 
temperature fractionation medium is a mixture of 2,5-dichlorobenzotrifluoride and di- 
ethyl phthalate. The phase diagram for this system shows a maximum, and the poly- 
mer which precipitates from this mixture is amorphous rather than erystalline (14). 

Electrical Properties. Chlorotrifluoroethylene resins are of importance to the 
electrical industry because of their exceptional moisture resistance, chemical and 
thermal stability, electrical characteristics, and ease of fabrication. Tookup wire 
insulated with polychlorotrifluorosthylene is now specified by the Signal Corps for 
185°C, continuous, 150°C, intermittent, and 190°C. “hot-spot” service. See Table V. 
Because copper tends to degrade polychlorotrifluorcethylene at high temperatures 
(>150°C.), copper wire should be plated with silver (0.3 mil suffices) or aluminum 
conductors substituted. Tin-coated wires are unsatisfactory because of the low 
melting point of tin. At higher frequencies polychlorotrifluoroethylene is a much 
better diclectric than polyvinyl chloride although it is not as good as polyethylene or 
polystyrene. Polyethylene and polystyrene, however, cannot be used at temperatures 
as high as polychlorotrifluoroethylene. (See also Dielectrics, Vol. 5, pp. 66-68.) 

_ Colors and Fillers. A wide variety of opaque and transparent colors are possible 
with polychlorotrifluoroethylene, but it is essential that heat-stable dyes and pigments 
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TABLE V. Electrical Properties of Chlorotrifiuoroethylene Resins. 





Volume resistivity (50% r.h.) (D257—46), ohm-um,, at: 


1 is 1.2 1018 
2 Lk Oa 3.4 10" 
Dielectric strength, at 25°C. (Di49-44), volts/mil 
Short-time, MMe... eee 1500 
Step-by-step, 16 eee 390 
Step-by-step, 80 mils... ce es 1200 
Step-by-step, 5 mils... eee 5000 
Dielectric strength, 125 mils, volts/mil, at: 
OF OO 2310) 
(110 hal nO 640 
ST ek 590 
B10 ak 0 500 
Are resistance (D495-42), spt. 0 eee BBO 
Dielectric constant at: 
GO eveles, —40EG cc tee e BD 
GO cycles, 25°C. ccc cette tenes 2.6 
GO oyeles, 170°C. ec cette ees 3.2 
100 ayeles, 25°C. ce ent n ee 2.9 
108 eyeles, 25°C. cc tees 2.6 
103 aycles, 25°C. tne ee nee 2. 
Dissipation factor 
100 eyeles. 0 ec cee cette tne 0.012 
LW oycles. ee cece 0.010 





he selectect because of the high temperatures required for fabricating the resins. 
Metal oxides, phthalocyanines, and carbon may be used to the extent of 0.05-5%, 
with metal oxides generally preferred. In general, fillers harm rather than improve 
the properties of high-modulus resins. However, for certain types of gaslets and seals, 
it has been found advantageous to incorporate a few per cent of the more stable fillers 
such as silica and calcium silicate. 

Plasticized Chlorotrifinoroethylene Resins. For specialized applications, chloro- 
trifluorcethylene resins are plasticized with the low-molecular-weight chlorotrifluoro- 
ethylene oils. Although these oils are among the better solvents for the resin, they 
are not highly compatible with the resin. The limit of compatibility at room tempera- 
tures seems to he 25-30% oil by weight. The plasticized resins are less resistant to 
chemical attack or reagent penetration since the oils are readily soluble in common 
liquids such as aliphatic and aromatic hydrocarbons and chlorinated compounds. 
In many applications, for example, valve diaphragms, the oils are partly leached out 
and replaced by other liquids. ‘Where these liquids themselves serve as plasticizers, 
the diaphragm remains flexible and serviceable. A number of physical and chemical 
properties of the plasticized and unplasticized resins are compared in Table VI (8,15). 

Fabrication of the plasticized resin is somewhat easier, since the melting tempera- 
ture tf, and melt viscosity of the resin are markedly reduced by the chlorotrifluoro- 
ethylene oils. However, crystallization also proceeds more readily in the plasticized 
material with the consequent exudation of the oil and loss of plasticizer efficiency. 
The plasticizing oils themselves are stable up to 250°C., despite their volatility. 
They ave also inert toward acids, alkalies, and oxidizing agents, and insoluble in water 
and other polar liquids. The oils also have good electrical properties. 
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TABLE VI. Properties of Plasticized Chlorotrifluoroethylene Resins. 





Property Resin only 


Resin with 
20% plasticizer 





Stiffness modulus, p.s.i., at: 


QAO C cece eevee es. $200,000 

5, ek Oc 130,000 

WOT. ce cee 22,000 

Fd Oe 11,000 

10 0k Oe 4,500 

Q10EC. cece peer eee. FOO 
Yield point af 25°C, pai. eee. 12,000 15,000 
Strain at yield point, %....000.000.0..0.0...,0...... OB 
Hardness, Shore De... eee eee ee 97 


Power factor, 10° cycles, at: 
25°C. ce eee eee eee 0.009 
BOPC eee eee 0.016 
WOO eect. 0,040 


WBO°C cee beeen eens 0,080 

0 0 ek Or 0.014 

Piiamaximum, CC. ee lieve eee ees $10 
Power factor at 23°C, 

1% eyeles. ee ee J. §0.018 

LOF eyes. cece eee 0.024 

Dlheyeles. 0 eee ee .... 0.020 

108 eyclos. oe ce ees 0.009 

P.f. maximum, cyeles. 0 ee ax 108 
Permeability constant, PX 10%" 3 mil film, at 25°C.: 

AAD ee ee eee 1.0 

Water cette eee 82 

CP, = CFC] vapor... ee 1.3 
Tensile strength, film, p.s.i. 

Maceliine direction. 00000000000 eee 6,600 

Transverse direction. ....0. 00.00.0000 000 eee 6,300 
Klongation, filuu, % 

Machine direction. 0000.00 eee 102 

Transverse direction. 0.0.00 000 0000 cee eee 8 
Tear strength, film, g./mil. 

Machine direction. ...0.00 00000002 c cece eee 353 

Transverse direetion. 00.0.0. 0000000 ee 201 
M.V.T., General Foods, g./100 sq.in./24 bre. 0.01-0.06 
Chemical resistance, 7 days, 40°C., % wt. change, In: 

Toluene... cc eee eee tetas +0.-+4 

Carbon tetrachloride... 0.0. eee +0. 4 

Methanol... 0.6.0.0 ee tees 0.0 


40,000 
20,000 
7,500 
3,500 


5 000-9, 000 
7 


0.020 


90 


coon 
oS 
iw] 
Ww 


ac 
x2 
— or 
= 
= 


Ae 
co a) 


4, 600 
3, 600 


201 
183 


302 
202 
0.15-0,75 





* See Table TTL. 


MANUFACTURE 


Polymerization. Although no information has been released as to the commercially 


employed polymerization techniques, it is known that chlorotrifluorcethylene resin 


can be made in aqueous suspension (8a) or bulk. 


Patents (25,26,32) have been granted 


on several systems based on organic and inorganic peroxy compounds. Ultraviolet: 


irradiation is also said to be of value in polymerizing the resin (31). 


Traces of certain 


impurities in the chiorotrifluoroethylene monomer can interfere seriously with poly- 
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merization rate and chain propagation (8). For convenience, the molding powder 
may be densified by extrusion and cut inte granules, 

Fabrication. Because polychlorotriforoethylenc is a true thermoplastic, it can 
be fabricated by extrusion, compression, injection, and transfer molding. The coating 
dispersions can he applied by spraying or dipping. 

However, the high softening point of the resin (211°C., 412°F.), together with its 
ability to crystallize or supercool depeuding on molecular weight and thermal treat~- 
ment, requires somewhat specialized processing techniques. Rapid quenching tends 
to produce an amorphous material, while slow cooling or long heating between 150- 
90°C. (802—74°F.) tends to produce a micro- ov macroerystalline material (see also 
p. 693). Orientation of the microcrystallites is not advisable unless the stresses ap- 
plied to the molded piece are parallel to the direction of orientation (19). In general, 
macrocrystallization or spherulite formation should be avoided and maintenance of 
high molecular weight (> 280 NST) should be a constant aim of the fabricator. A 
number of patents apply to the molding of polychlorotrifluorcethylene (27-30). 

If carried out properly, compression molding and dispersion fusion do not, de- 
grade the resin. Compression molding must be done above the softening point 
{ln = 211°C., 410°F.) and is ordinarily accomplished at 250°C. (482°F.) under 500- 
15,000 p.s.i. Molding cycles will depend upon the size and complexity of the item. 
The resin can, be molded around metal inserts. Because the plasticized resin has a 
lower softening point than the unplasticized resin (€, for resin with 25% #10 plasti- 
cizer = 190°C.), molding can be carried out at somewhat lower temperatures. Heat 
treatment of molded plasticized items, followed by rapid quenching, helps to flux the 
resin and plasticizer together and to make the items clearer and more homogeneous. 
Quenching is accomplished most conyveuietly by immersing the molded item in cool 
water. Mold shrinkage of the resin is 0.005-0.010 in./in, The compression ratio 
is 2.0/1. 

Polyehlorotrifluoroethylene rod, tubing, wire insulation, aud film are fabricated 
by extrusion (10,18). In this ease, higher temperatures (for example, 500°F. barrel, 
500-550°F. head, 550-G50°F. extended die bushing) plus mechanical working in the 
screw Jead to extensive degradation, Most extruded products have NST values be- 
tween 220 and 250. In insulating wire, it is common practice to extrude the resin 
oversize through a crosshead die and to hot-draw the resulting tube onto the wire and 
then quench the plastic as quickly as possible. The length of ‘draw-down,”’ that is, 
the distance between die and quenching bath, as well as the relative wire and extrusion 
speeds, will determine the degree of orieutation of crystallites and strain in the insula- 
tion. 

Film may be extruded as lay-flat tubing or through a slit die. In the mannfacture 
of lay-flat tubing, the plastic is extruded through a circular die, expanded while hot 
with air pressure, and passed through pinch rolls to the takeup. Since this film is 
air-quenched, it tends to be somewhat crystalline. It may be clarified by heat treat- 
ment followed by rapid quenching. In slit extrusion, the film is hot-drawn out of the 
die and rapidly quenched. Film, molded materials, etc., made by either method are of 
relatively low NST (220-240). 

Injection molding, like extrusion, is ac complished at high temperatures (500-850° 
PF. cylinder; 500-580°F. nozzle; 300°F. die), which, together with mechanical working, 
lead to some degradation (11). However, excellent: progress is being made in this 
field through improved heater designs ind controls. Using 300-NST grade as starting 
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material, injection-molded items with NST values greater than 290 ate becoming 
increasingly common, In injection molding, a satisfactory compromise must, be made 
hetween tio opposing factors, On the one hand, the molding temperature must he 
high enough to promote adequate flow and to provide adequate consolidation and im- 
pact strength i the molded item, On the other hand, the molding tempeiature 
must be as low as possible to minimize degradation. High pressures (for example, 
20,000 p.s.i.) are ordinarily recommended to permit, the use of lower temperatures. 
However, these pressures should not. be relied upon to push relatively “cold” plastic 
into the die because this will lead to poor consolidation and excessive orientation of 
crystallites. The sprues and ronners can he reused but, if they are degraded below 
the NST level of the virgin molding powder, they should not be fed back indiserimt- 
nately. ‘They should be granulated and blended under controlled conditions with fresh 
resin, * (See also Plaséies.) 

The dispersions, consisting of finely divided (1-10 micron) particles suspended in 
organic thinners, usually aromatic hydrocarbons, may be applied by spraying or dip- 
ping. Low-molecular-weight polychlorotriffuorcethylene waxes may or may uot be 
inchided in the formulations, but for ease of application and nore rapid fusion of the 
particles into a tough, adherent, continuous film the waxes are usnally incorporated 
up to 25% of the total polymer. Present-dlay dispersions are made up to 44° solids, 
yet they are quite fluid. The resin particles settle on standing, but they may be re- 
dispersed by simple stirring. Shelf stability of at least three years can be assured. 

Suction-type cup guns are recommended for spraying the dispersion. Extension 
nozzles in a variety of designs are recommended for inaccessible locations or complex 
surfaces, In spraying or dipping, if is important that the dispersion be agitated eon- 
tinually to maintain a uniform solids content and coverage. With experience, 2 mils 
of the resin can be applied per coat. After each coat, the particles must be fused at 
465-500°)", for 15-25 minutes after the item has attained fusion temperature. After 
the final coat, a somewhat longer fusion at 465-500°T". 1s recommended for the elirmi- 
nation of porosity. If the coating is ta be used primarily for “release” or “anti- 
hesive” purposes, a 3-4 mil coating will suffice. Tf! maximum corrosion resistance is 
required, a total film thickness of 8-10 mils with a prolonged final bake, is recom- 
mended. For optimum adhesion, surfaces should be degreased and sand- or grit- 
blasted before the dispersion is applied. Film continuity may be ehecked by a simple 
electrical resistivity test whereby 500 volts are applied across the baked film and the 
resin surface explored with a cotton probe moistened with a saline solution containing a 
wetting agent. A reading of 10® megohms indicates that the film is pinhole-free. 


USES 

Because of their excellent chemical and ¢hermal stability, good electrical proper- 
ties, zero moisture absorption, and ease of fabrication, chlorotrifluoroethylene resins 
are being used for a variety of industrial, domestic, and military applications. With 
the advent of greatly increased production in 1958, it is expected that there will be 
substantial price reductions and even more widespread use of this plastic. 

In the chemical industry, polychlorotriflucroethylene gaskets, diaphragms, pack- 
ings, linings, and coatings may be used wherever excessive corrosion or wide tempera- 
ture extremes are encountered and mechanical toughness.is also required. In the elec- 
trical industry, polychlorotrifluoroethylene insulated wire is being manufactured on a 
large scale for service up to 190°C. Injection-molded parts of complex design with 
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and without metal inserts are assuming great importance in electronic equipment with 
its trend toward miniaturization and higher temperatures. Magnet wire with superior 
aging properties and moisture resistance can be made by continuous coating with a 
special grade of dispersion. 

In the food industry, thin dispersion coatings are used as efficient release agents 
(to prevent sticking) for bread dough, candy, and meat. products. In the medical 
and pharmaceutical fiekls, the resins are of great: value because items such as tubing 
and film can he sterilized without distortion. Preliminary clinical investigations indi- 
cate that the resin can be incorporated in the body apparently without harmful effects. 
Tn all these areas, and many others as well, packaging with polychlorotrifhioroethylene 
film is increasingly used, since the resin is highly resistant not only to the permeation 
of moisture but also to the passage of many Inorganic and orgenic liquids and vapors. 
Foods wrapped in the film have been successfully cooked and roasted im their plastic 
containers on an experimental scale. ‘The film can be sealed electronically or with 
heated platens. 

The basic polymer mamuacturers market molding powder, dispersions, and plasti- 
cizers. Standard items available from fabricators include molded sheets (464-}4 in. 
thick up to 45 in. diameter), extruded red (up to 1 in. diameter), molded rod (up to 3 in, 
diameter, 12 in. in length), extruded tubing (up to 2 in. diameter), and thin film (0.002- 
0.010 in. thick, up to 14m. width tm lay-flat form, or 28 in. in total width). In addi- 
tion, electrical wire, molded items, and coatings ean be fabricated to order. 
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RESINS FROM RUBBER 


Rubher (q.2.) though commonly considered a relatively inert material, may be made to 
react with a wide variety of chemicals, and thus undergo a marked change in character. 
Most of the reactions of rubbor are addition reactions wherein substances add to the 
unsaturated portion of the isoprene unit which is believed to be the repeating unit of 
the rubber molecule: —-CH,—-CH=—C(CH,)—CHo—., 

The addition reaction, however, is not the only method useful in preparation of 
rubber derivatives, for substitution, decomposition, and condensation reactions are 
possible, aud commercially important products are produced from rubber through 
catalyzed eyclization of the molecule. The reactions wherein the rubber molecule is 
decomposed or condensed have been insignificant in developments directed toward the 
production of resins from rubber, and are therefore not considered in this seetion. 
Ulustrative of the materials with which rubber will react, or which will catalyze reac- 
tions of rubber, are chlorine, hydrogen chloride, sulfur, selenium oxychloride, oxygen, 
hydrogen, nitrogen trioxide (N.Os), nitrobenzene, chromyl chloride (CrOsCle), stannic 
chloride, sulfuric acid, ehlorosulfonic acid, and substances related to these (7,10), 

From the host of products which may result from the many reactions possible 
with natural rubber, only three have achieved appreciable commercial importance: 
chlorinated rubber, cyclorubber (cyclized rubber), and rubber hydrochloride. In 
addition, there are some similar derivatives from certain synthetic rubbers. 


Chlorinated Rubber 


Probably the first production of chlorinated rubber took place when Englehard 
and Day in 1859 passed chlorine over humps of rubber, and, in another experiment, 
through a solution of rubber in-carbon tetrachloride, to obtain a white, brittle, resin- 
like material. A carbon disulfide solution of rubber had been treated with chlorine as 
early as 1801 by Roxburgh, but it is believed that the product resulting consisted: of 
cold vulcanized rubber from the action.of sulfuryl chloride produced by interaction of 
chlorine and solvent. Others, coutemporary with Englehard and Day, were actively 
investigating the chlorination reaction, and in 1865 Hurtzig found it to go particularly 
well in chloroform or benzene. He proposed the use of chlorinated rubber as a plastic 
(British patent 2734). 
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The course of reaction when rubber is chlorinated has been believed to take place 
in stages (3). In the first stage chlorine adds directly to yield a product: --CH:— 
CHCIC(CH,)CICH:~ with about 36% chlorine. The reaction then proceeds by 
splitting off one or more hydrogen chloride molecules to yield a mixture of 


—-CH=CH—C(CH)CICHe— and —CH=CH—C(CHs)-=CH. 





This reaction is then followed by the addition of chlorine to the double bonds to form a 
mixture of tri- and tetrachloro derivatives with an average chlorine content of 67%: 


—CHOICHCIC (CHa) CICH,—- and —CHCICHCIC(CIR)CICHC]— 


Later work by Bloomfield (2) indicates that the reaction hivolves substitution and 
cyclization, the initial reaction being a complete substitution, followed by simultaneous 
substitution and addition, and terminated by substitution. 


CwHis + 2 Ch ———> CwHuCh + 2 TLC) (34.6% Cl) 
CreHysCly + 2 Cl, ———> CwHisCls + HCl (57.2% Cl) 
CoH Cls + 2 Cle ——> CoHnCh + 2 HCI (65.4% Cl) 


Another mechanism proposed by Bloomfield involves initial formation of an 
activated dihalide which loses hydrogen chloride to form a ¢yclic monohalide. The 
following schome was suggested for the start of the reaction: 


—CHr-CH CIL-—- 


—-CHy~-CH=C--CH,—CIL,-CH=C—CI— sg, «6 CH CC s-§-§s GC, 
— I, | + HCl 
Hy ‘Hs ‘f CHCl 


cht 


Staudinger visualizes chlorinated rubber as a highly chlorinated cyclorubber (11). 
The chief problem in manufacture of chlorinated rubber is the elimination or pre- 
vention of unstable products which will lead to early breakdown in the material. 
Ordinarily the rubber is chlorinated in solution, and a number of solvents such as car- 
boh tetrachloride or mixtures of hexachlorocthane and carbon tetrachloride may he 
used. The reaction is generally carried out in a vessel provided with a reflux condenser 
at temperatures of 80-110°C. Reaction at low temperature usually yields unstable 
products. When approximately 65% chlorine has been absorbed, further addition is 
cut off and heating continued until no more hydrogen chloride is evolved. The final 
product is isolated by precipitation in ethyl aleohol. Other methods have been de- 
scribed wherein the chlorinated rubber solution is precipitated in an aqueous alkali 
bath or by mixing an alkaline compound in the chlorinated rubber solution and pre- 
- cipitating it in hot water. ‘Low-viscosity chlorinated rubbers may be prepared by 
reducing the molecule length of the rubber before or after chlorination; this may be 
done by mastication, by oxidation during chlorination, or by other means, Other 
chlorinating agents have been used but they have not reached commercial importance. 
Chlorination of rubber latex appears to yield a different kind of product with. a maxi- 
mum. chlorine content of 45% (5). A flow sheet for a process for manufacture of 
chlorinated rubber has been set forth in the patent literature (15) and is reproduced in 
Figure 1. 
Modern chlorinated rubber (Parlon, Hercules Powder Company) is available as 
an odorless, tasteless, white powder in several viscosity grades. It has a specific 
gravity of 1.64, nig 1.554, water absorption 0.27%. The following are properties of 
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chlorinated rubber film: tensile strength 4270-1850 p.s.i., elongation 3.6-3.3%, modu- 
lus of elasticity 1.4% LO® p.s.i., cielertric constant (1000 eycles) 3.1, power factor (L000 
cycles) 0.0015-0,0030. 

Chlorinated rubber properly prepared is undoubtedly a very stable material in the 
dry state at room temperature. However, above 125°C. the rate of decomposition in- 
creases, and at about 185°C. it begins to show noticeable chemical breakdown. Sun- 
light will cause discoloration and embrittlement in an unpigmented film but this effect 
is diminished when pigment or especially stabilizers such as the nonvolatile epoxy 
compounds, are present. An outstanding characteristic of chlorinated rubber is its 
high resistance to a wide variety of chemicals. Materials which chlorinated rubber 
effectively resists include sulfuric acid, potassium hydroxide, potassium permanganate, 


Hydrogen chloride + solvent +chlorine 
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Fig. 1. Manufacture of chlorinated rubber. 


sodium chloride, and the like. In the presence of aqua regia, a gain in weight is experi- 
enced, attributed to continued chlorination. This material is resistant to mineral oils 
and greases, but not to animal oils and vogetable preases. 

Chlorinated rubber is attacked by organic materials that are strong solvents but is 
resistant to many of the common aliphatic solvents. It is soluble in most of the aro- 
matic solvents, chlorinated solvents, allyl esters, and many of the materials used for 
plasticizing of plastics such as dimethyl phthalate. It is not soluble in materials such 
as gasoline, alcohols, or turpentine. As is the case with practically all derivatives of 
rubber, there is no definite solubility in the solvent involved. Asincreased proportions 
of the derivative are added to the solvent, a heavy plastic mass is formed and even- 
tually the solvent is actually dispersed in the rubber derivative. Chlorinated rubber is 
compatible with a wide variety of other resmous materials and plasticizers and such 
are oftentimes used in preparing commercial compoundsfrom the product. ‘Typical of 
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the resins which are so used are uomodified phenolies, chlorinated paraffin and bi- 
phenyls, various rosin derivatives, certain of the alkyd morlifying resins, and natural 
resins such as dammar. It is incompatible with materials such as cellulose acetate, 
vinyl resins, modified phenolics, and certain of the polyester materials. 

The outstanding application of chlormated rubber is in the coating field. This 
product is employed in the manufacture of various kinds of paints and fishes, inks, 
paper coatings, textile finishes, and adhesives (8). The nonflammability of chlormated 
rubber is a valuable property in connection with maity of these uses. It has been sug- 
gested for use in plastic masses, in threads and fibers, and in foams, but these have not 
developed to any significant degree. 

The price of chlorinated rubber has for several years remained between 55 and 
62¢/Ib., depending on viscosity and the quantity purchased. 


Cyclorubbers 


As early as 1781 Leonhardi (11) observed the charring effect of sulfuric acid on 
rubber, and referred to the tough, brittle, nonelastic character of the product. Studies 
on rubber in 1838 invelving pyrogenetic decomposition showed that brittle resins re- 
sulted, though they were only of academic interest, Early workers studying hydro- 
halogenation of rubber found that an apparent isomer of rubber could be produced by 
treating the hydrohalogenated rubber with zine dust, or similar materials, and that 
the isomer so produced showed definite evidence of cyclic structure (7). Though 
successful hydrogenation of rubber eluded investigators for many years, methods 
finally developed were found to yield products containing eyclic structure (7,9). 

The isomeric cycloruhber which eventually became of commercial importance 
probably dates from the work of Harries who in 1910 treated rubber with sulfuric acid 
to obtain an amorphous powder considerably more saturated than natural rubber. In 
1922 Kirchhof described similar but more successful experiments that yielded products 
of similar nature which were also thermoplastic. Major investigations of cyclorubber 
for commercial exploitation commenced about 1925-27 when Fisher conducted exten- 
sive investigations of catalysts for the cyclization of rubber. This work uncovered 
such agents as p-toluenesulfonyl chloride which rapidly converted rubber to a resin 
that could be used in commercially feasible processes (5). This basic process has since 
been improved by the discovery of softeners and other additives which permit better 
control of the course of reaction. Though many other methods for obtaining eyclo- 
rubbers have since been described, only one has sustained the tests of practicality. 
This method as developed by Bruson, Sebrell, aud Calvert involves the use of halogen 
salts of amphoteric metals as catalysts. This work, reported in 1927, was an out- 
growth of experiments that had begun as early as 1854 when Duvivier and Chaudet 
described processes for making gutta-percha by reaction of rubber in the presence of 
halides of sulfur, boron, tin, antimony, and other substances (9). 

The chemical change when rubber is treated with catalysts such as phenolsulfonic 
acid, p-toluenesulfonyl chloride, or stannic chloride may be represented as follows: 


CH, 
“ 
OT She 
—CHe~-CH=-C—CIh— catalyst th Cc 
A; "H, C—CH, 
4 


CH, 
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This reaction mechanisin, though obviously not applicable to cach of the many tech- 
niques for obtaining eyelorubbers, may be considered typical. It provides suitable 
explanation for the changes that take place when rubber Is cyclized, sttch as increase in 
specific gravity, ierease in refractive index, decrease in saturation to about one half 
original value, decrease in molecular weight, and inerease in heat distortion point. 

The modern-day commercial eyelorubbers are generally made by reaction in the 
presence of catalysis. In the process it is necessary to use as astarting material a very 
high grade of low-protein-content rubber. Ordinarily the rubber is milled on a cold 
mill for mereased solubility. The milled rubber is then dissolved in benzene or chloro- 
form and the viscous cement is charged to a jacketed reactor provided with reflux. ‘To 
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Fig. 2. Manufacture of cyclorubber, 





this is added. « catalyst such as anhydrous stannic chloride, titanium chloride, or the 
like, which yields a molecular addition compound. In the course of this reaction the 
viscosity of the solution is substantially diminished as the rubber is converted. The 
degree of cyclization is controlled by the time and conditions of reaction. Products 
representing various degrees of cyclization are available. The reaction is terminated 
by the action of aleohol or water which decomposes the addition compound to yield 
the final cyclorubber (5,12). 

It is also possible to eyelize rubber by milling into the rubher a catalyst such as 
p-toluenesulfonic acid. The product is then heated in an oven or by other means for 
several hours at temperatures up to 145°C.; when reaction sets in the temperature 
rises of itself to about 200-230°C. Gases appear to be evolved in this process. Heat- 
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ing is generally continued for a few more hours to yield a resulting product charac- 
teristic of the cyclorubbers (5). 

A flow sheet illustrating the typical manufacturing process is shown in Figure 2. 
Analysis of the products of these cyclization reactions shows thom to have a nuclear 
formulation (C;Hs), as in natural mibber. These products, however, have a lower 
degree of unsaturation than the rubber from which they are derived. In a sense, the 
cyclorubbers have characteristics which can be compared to propertics of natural 
rubber. Commercial cyclornbber (Pliolite NR, The Goodyear Tire and Rubber Co.) 
is available in the form of a tasteless, odorless, white powder, Insed chips prepared by 
milling, and pigmented chips. It has the following properties: sp.gr. 1.05, nis 1.545, 
softening point, 25-105°C., intriuste viscosity 0.41, iodine number 180, ash 0.3-1.70%,. 
This resin effectively withstands water (water absorption less than 0.1%), and pos- 
sesses excellent electrical characteristics (dielectric constant (1000 cycles) 2.68, power 
factor (1000 cycles) 0.0020). Cyclorubbers exhibit rernarkable resistance to weak and 
strong acids, weak and strong allalies, salts, and other corrosive chemicals. They are 
also very resistant to animal, vegetable, and mineral oils. They are flaminable. 

Cyclorubbers are soluble in a wide range of solvents including aliphatics, aro- 
matics, chlorinated solvents, and ester solvents, but are not soluble in alcohols, ketones, 
and esters. Fibns of this product gradually become insoluble by addition of oxygen in 
the manner of materials used for production of conventional paints. 

The eyclorubbers may be modified with a wide variety of materials including 
natural resins, modified and unmodified phenolics, allcyd resins, waxes, rubber, and syn- 
thetic rubbers. The product may be softened with conventional plasticizers such as 
the alkyl esters; chlorinated paraffins; polyphenols; polymerized terpenes; drying 
oils, such as China wood and linseed oils; and polyesters. 

Outstanding applications of cyclorubbers are found in the manufacture of adhe- 
sives (especially for obtaining a rubber—-inetal bond), paper coatings, wax modifiers, 
printing inks, rubber products, and paints. In paper coatings these products make 
possible extremely low water-vapor transmission rates while providing good heat- 
sealing compositions. The growth of usage of this product in the ink field has been 
large, primarily since it can be employed for production of instantancously drying inks. 
An early application of the presemt-day eyclorubbers was the reinforcement of natural 
and synthetic rubber compositions (13). In such uses it increases tensile strength, 
elongation, hardness, aud abrasion resistance, and improves resistance to impact, 
Paints produced from eyclorubbers are used in applications requiring high resistance to 
chemicals; in recent times the cyclorubbers have heen used in minor proportions for 
the modification of paints based on oils and alkyd resins. 

. The price of cyclorubber has for the past few years ranged from 57¢ to $2.40 per 
pound, depending on the grade, whether eambined with pigments or not, and the | 
quantity purchased, 


Rubber Hydrochloride 


The first description of hydrohalogenated rubber was by Mathews in 1805, and 
probably the earliest patent reference appesfs in the year 1880 when Lamb described a 
treatment for rubber with hydrogen chloride, the rubber being dissolved in benzene. 
The hydrogen chloride was produced by directly adding sodium chloride and sulfuric 
acid to the rubber solution. While the reaction of rubber goes with ease with any of 
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the hydrohalogens, those other than hydrogen chloride have been of interest only from 
a theoretical viewpoint. The reaction is usually carried out by treating a solution of 
the rubber with dry hydrogen chloride, and is predominantly an addition reaction 
leading te —CH.CHLC(CH;)CICH, 

Since hydrogen chloride can also act as a catalyst for cyclization of rubber, it is very 
probable that in this reacton ring formation is also involved. The reaction is usually 
carried to completion to yield a product of 30-85% chlorine. 

The process for manufacture of the rubber hydrochloride is shown in Figure 8 and. . 
has been described by Calvert (17), The rubber hydrochloride is made by passing 
dry hydrogen chloride into a 6% rubber cement, the solvent being benzcne, until the 
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required degrec of hydrochlorination has been achieved. Often. this is carried on until 
the solution is completely saturated. Any excess hydrogen chloride, chlorme, or free 
acid is neutralized with ammonia or soda ash after which the product is steam-dis- 
tilled to remove solvent and any volatile acids. The product is then broken into 
small pieces, washed with water, and vacuum-dried at about 160°F. Film, the only 
available form of rubber hydrochloride, may be produced by dissolving the product 
described by Calvert in chloroform at a concentration of 5%. To this solution is 
added a photochemical inhibitor, plasticizers, colors, and modifiers. This compounded 
solution may then be filtered and cast onto a suitable surface to form film. In the 
practical case, as illustrated in the flow sheet, the drying step is eliminated. After 
neutralization, the compounding ingredients are added and the sohution is filtered and 
cast onto a moving belt. Solvents are removed by passing through an oven to yield a 
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final product. A substantial variation in characteristics is possible by choice of the 
type and amount of compounding ingredient incorporated in the film. 

The outstanding properties of rubber hydrochloride are usually considered in con- 
nection with its film characteristics since this is its only commercial application. Clear 
rubber hydrochloride film (Pliofilm, The Goodyear Tire and Rubber Co.) has the fol- 
lowing properties: sp.gr. 1.£2-1.15, softening point L06°C., brittleness temp. —80°C.,, 
dielectric constant (1000 cycles) 2.8-5.0, power factor (1000 cyeles) 0.086-0,156, 
Rubber hydrochloride film is strong (tensile strength 5000-6000 p.s.i.), stretchable 
(elongation 350-500°%), tear resistant (see Fig. 4), and is particularly resistant to the 
passage of water vapor, Its light resistance is fair, and it is self-extinguishing. 








Fig. 4. Stretchability of rubber hydrochloride film. 


It is very resistant to weak acids and alkalies, sults, alcohols, aliphatic hydro- 
carbons, anid animal, vegetable, aud mineral oils. Its resistance to strong acids and 
alkalies is good, to ketones and esters fair. It dissolves in hot aromatic hydrocarbons 
and chlorinated solvents. 

Rubber hydrochloride film is used for packaging a wide variety of products inelud- 
ing textile items, paper products, and foodstuffs. It is particularly useful in the 
packaging of reel meats (4,14). Rubber hydrochloride film prices have generally ranged 
between $1.00 and $1.25 per pound, depending on the type of film and the quantity 
purchased. 
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RESITES; RESITOLES; RESOLES. Seco Phenolée resins and plastics, Vol. 10, pp. 
336-7, 

RESOCHIN, CrsHocClNy. See “Chloroquine” under Malaria chemotherapy, Vol. 8, 
p. 666. 

RESONANCE. See Valence. 


RESORCINOL 


Resorcinol (m-dihydroxybenzene, 1,3~beugenediol, resorcin, resorcine), CysH4(OH)., 
formula weight 110.11, is a water-soluble, crystalline compound with a faint, charac- 
teristic, aromatic odor and a taste which is at first swectish but then bitter. Ti was 
first obtained in 1864 by Hlasiwetz and Barth by the alkali fusion of galbadanum and 
asafetida resins. Its name was clerived from “resin” + “orcinol,”’ Lo show its forma- 
tion from resins and its analogy with orcinol (5-methylresorcinol), CH yCaHs(OH), 
(see p. 717). 

Tmportant uses for resorcinol include ifs application in the production of dyes, 
pharmaccuticals, plasticizers, textile and leather chemicals, resins, adhesives for wood, 
plastics, and rubber products. 


Physical and Chemical Properties 
Constants. F.p., 109.8°C. (15,25); b.p. 281.4 (19); dj’, 1.272; vapor pressure: 


Temperature, CC... ees 130 150 170 190 
Vapor pressure, mm, Hp. .... 0.2.0... 3.00 8.5 23.5 53.0 


sp-heat, between 110 and 340°C., in cal./gram, 2.8 + 0.09667 (1); heat of combus- 
tion at constant pressure, 683.9 kg.-cal./mole (4); heat of crystallization, 5.090 kg- 
cal./mole (2); dissociation constants at 30°C., K, = 7.11 X 10-", Ky = 4.78 K 107%; 
dipole moment in benzene, 2.07 D (17). Resorcinol crystallizes in the orthorhombic 
hemimorphiec system: np, 1.578; 1.620; 1.627 (89,40). The infrared (3) and ultra- 
- Violet (18) absorption spectra as well as the Raman spectra (11) are known. Measure- 
ments of the x-ray diffraction indicate that resorcinol exists in two forms, The a- 
form ordinarily obtained in crystallization is converted to the 6-form at 74°C. The 
later is somewhat more deuse (d = 1.38) than the e-form: this indicates hydrogen 
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bonding between vriented molecules in the crystal lattice. Resorcinol crystals are 
triboluminescent and piezoelectric. 

Solubility data for resorcinol are reported in Table I (20,35). Resorcinol is solu- 
ble in liquid ammonia, liquid sulfur dioxide, liquid hydrogen sulfide, and pyridine. 


TABLE I. Solubility of Resorcinol in Various Solvents. 








Solubility, ¢/100 g. saln. 





Solvent At 20°C. At 60°C, 
Water ccc cece eee tenes 58.4 83.5 
Bthyl alcohol... 0.0.0.0... eee ee eee 61.0 73.2 
ACCLONG.. 0.0 eee eee rene 66.9 75.1 
Bengene.... 0... c ee eee 2.2 14.1 
Chloroform, .. 2.0.0 0c eee re eee ee — 1.2 
Carbon telrachloride... 2.00 0.... 6 eee — 0.3 





Nitrabeuzene, . ol. 0 cee eee eee eee 6.0 6.8 


An aqueous solution of resorcinol dissolves mannitol, sucrose, starch and cellulose 
(45), a8 well as cresols, thymol, guaiacol, and other phenols (44), 

Reactions. ‘The chemical reactions of resorcinol involve both the two phenolic 
hydroxyl groups and the activated nuclear hydrogens -in 4 manner which resembles 
phenol (q.v.) but is in many respects peculiar to resorcinol. Salt or phenate formation, 
esterification, etherification, amination, and formation of lactones (such as 6-methyl- 
umbelliferone) are typical reactions, Resercinol, in coutrast to phenol, cannot be 
liberated from its alkali metal salts by carbon dioxide. The hydrogen atoms on carbon 
atoms 2,4, and 6 are doubly activated as a result of their location with respect to the 
hydroxyl groups. Resorcinol can react in two tautomeric forms, in a keto as well as 
an enol form, and this increases further the variety of its reactions. 

With aqueous solutions of ammonium salts containing ammonia (or amines), 
resorcinol undergoes ammonolysis (q.v.) under pressure to form m-aminophenol (or 
m-alkylaminophenols). 

Resoreinol may be partially or fully hydrogenated; it can be halogenated, nitrated 
and sulfonated to different degrees. With acetylene, the highly reactive vinylresor- 
cinol is formed, which reacts further with additional resoreinol to form 3,7-dihydroxy- 
10-methylxanthene. This reaction, when carried out in the presence of organic 
bayes, yields complex resinous materials. Dimercurated resorcinols can be prepared 
by the reaction of resorcinol and alkylresorcinols with mercuric acetate, 

Esters of resorcinol can undergo the Fries rearrangement under the influence of 
catalysts to form phenolic ketones (acylphenols). Reduction of these ketones leads 
to ring-alkylated resorcinols which are of value as pharmaceuticals. Alkylresorcinols 
with branched chains are obtained by the reaction of resorcinol with certain olefins. 

Resorcinol ethers containing unsaturated alkyl groups may be caused to rearrange 
at elevated temperatures. In the presence of catalysts, ring-alkylated resorcinol de- 
rivatives may be formed. 

In a reaction similar to the Kolbe synthesis of salicylic acid from phenol, resorcinol 
and carbon dioxide yield §-resorcylic atid (see p. 718). Both the Gattermann and the . 
Reimer-Tiemain reactions may be applied to resorcinol, yielding resorcylaldehydes. 
Reaction with nitriles (Hoesch reaction) produces ketones. Resorcinol can couple 
with one to three molecules of diazonium salts. 
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Resorcinol reacts with aldehydes similarly to phenol, but with considerably greater 
velocity. Partiewarly the reaction with formaldehyde is of great technical impor- 
tance since it leads to the formation of low-temperature-setting, waterproof adhesives. 
Resorcinol-formaldehyde condeusates have a distinct. advantage over phenol-formal- 
dehyde condensates in that they can be cured at an essentially neutral pH. The 
kinetics of the condensation reaction have been the subject of several publications 
(24). See also Phenolic resins, 

Resorcinol also reacts with ketones to form complex oxygen-containing riug ¢om- 
pounds. Many umbelliferones are prepared by the reaction of resorcinol and resor- 
cinol derivatives with @-ketonic esters (see p. 718). Condensation with oxalic acid 
gives resoxalic acid (6-hydroxy-3-oxo-3H-isoxanthene-9-carboxylic acid), while un- 
saturated acids may yield chromanones. With phthalic anhydride and its halogenated 
derivatives, fluorescein and its halogenated derivatives are formed. Epoxy deriva- 
tives of resorcinol, such as glycidyl ethers, ean be prepared by the condensation of 
epichlorohydrin with resorcinol, leading on polymerization to epoxy resins, See also 
Vol. 10, p. 328. 


Analysis 


Like phenol and the other polyphenols, resorcinol gives color reactions with a 
large number of inorganic and organic compounds. Among these, the reaction with 
a ferric chloride solution (giving a violet color), the Millon test (nitrous acid and mer- 
curie nitrate), the Liebermann reaction (formation of indophenols), and the formation 
of dyes of the fluorescein type (fusion with dicarboxylic acids) are very sensitive (9). 
Ammonia-containing silver nitrate solutions, as well as Fehling solution, are reduced 
by resoreinol on warming, 

US.P. XIV gives two methods of identification: (2) An intense crimson color, 
changing to pale yellow on addition of a slight, excess of hydrochloric acid, is produced 
on heating a solution of 100 mg. of resoreinol in 2 rol. of sodium hydroxide test solu- 
tion (1 N), to which a drop of chloroform has been added. (2) A bluish-violet color, 
turning brownish yellow on thé addition of ammonia test solution (9.5-10.5%) is 
produced by adding three drops of ferric chloride test solution (1 N) to 10 ml. of a 
solution of resorcinol (1 in 200). 

If no other phenols are present, resorcinol can be determined quantitatively by 
electrometric titration (17), as tribromo- or triiodoresorcinol (22), or with permanga- 
nate (23). 

In the U.S.P. assay for resorcinol, an aqueous solution of resorcinol is treated with 
bromine water and hydrochloric aeid, followed by potassium iodide solution. The 
liberated iodine is then titrated with sodium thiosulfate, 

Among the methods recommended for the determination of resorcinol in the 
presence of phenols are weighing the precipitates obtained with furfural (34), with 
formaldehyde (29), or with mercuric nitrate. More recently, selective titration meth- 
‘ods have been reported which are based upon the quantitative conversion of resor- 
cinol with sodium nitrite into dinitroresorcinol (28,33). A still more recent method 
was published which makes use of the selective formation of triiodoresorcinol in a buf- 
fered solution to determine resorcinol volumetrically in the presence of most of the 
common phenols (87). This same reaction, if carried out in the presence of pyro- 
catechol, has been adapted to determine resorcinol colorimetrically in the presence of a 
large number of phenols with great accuracy (38). 
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Manufacture 


Resorcinol is formed by alkali fusion from many organic compounds, uot only 
from meta-substituted, but also, by rearrangement, from ortho- and para-substituted 
ones. These compounds include m- and p-benzenedisulfonic acids, o- and p-halophenols, 
halobenzenesulfonie acids, and phenolsulfonic acids. 

In the industrial method, the sodium salt of crude m-benzenedisulfonic avid is 
fused with sodium hydroxide, the melt is dissolved in water, slightly acidified with 
hydrochloric acid, and filtered, and the resorcinol is extracted with amyl aleohol or 
ether: 

SO Ne OH 
~ a) Nao ff * 


¥ wa | on 
ASO Na. (2) acid ot 





Ié can be purified by vacuum distillation, sublimation, or crystallization from ben- 
zene. 

The following more detailed description of the preparation of resorcinol in Ger- 
many is taken from a British report (14). 


Benzene (46.6 Ib.) is added with constant stirring and cooling to sulfuric acid monohydrate 
(119.0 Ib.) in « cast-iron jacketed vessel. The monohydrate is prepared [rom 96% sulfuric acid and 
the required amount of oleum, and must be {ree from sulfur trioxide. The temperature is not allowed 
to rise above 60°C, until all the benzene has been added, when the mixture is heated and agitated for 
four hours at 100-105°C, At the end of this period, the monosulfonie acid is tested for its unsulfo- 
nated benzene content, which should not exceed 0.3%. The benzenemonosulfonte acid is ran into a 
second similar vessel, containing 185 lb. of 65% oleun, with cooling so arranged that the temperature 
rises slowly to 80°C, and is maintained thore for one hour after all the monoacid bas been added, 
At the end of the reaction the spent acid contains 7% free sulfur trioxide. 

The final sulfonation mixture is treated with 0,9 equivalent of a solution of sodium sulfite under 
agitation, The whole is run into another vessel containing a suspension of excess calcium carbonate 
in water, and the mixture is filtered. The filtrate, containing 0.9 sodium sulfonate and 0.1 calcium 
sulfonate, is treated with 0.1 equivalent of sodium carbonate. After removal of the precipitated 
calcium carbonate on another filter, the sediwm m-benzenedisulfonate is obtained as x» 20% solution. 
This solution is then concentrated to 50% and passed into a steam-heated drum-dryer. 

Bight hundred parts of thia dry salt is mixed by stirring with 560 paris of flaked caustic soda and 
fused at 360°C. in a gas-heated, sealed, cast-iron vessel. After cooling, the mass is taken up in water, 
the amount of water being such that the bulk of the sodium sulfite remains undissolved. The solid 
sulfite is separated by filtration and the filtrate is acidified with hydrochloric seid. The free resorcinol 
is then extracted with diethy! ether in a continuous extractor. Concentration before extraction is not 
recommended. 


An oxidation-cleavage process similar to the cumene process for phenol (see Vol. 
10, p. 293) has been developed recently for the production of resorcinol, hydroquinone, 
p-cresol, and other phenols. Coproducts of the dihydrie phenols are acetone and m- 
and p-isopropy|phenol. 

The U.S. Tariff Commission keeps statistics on the production of resorcinol con- 
fidential. However, the total U.S. production for 1951 was estimated ag 4—5 million 
pounds per year and was expected to rise to 8 million pounds in 1952. The end-use 
pattern for 1949 was given as follows: dyes, 9%; pharmaceuticals (hexylresorcinol, 
p-aminosalieylie acid), 35%; resins, 23%; rubber, 13% (7). 

The market prices for the various grades in May 1953 were: tech., 250-Ib. drums, 
trucks, cl. and Leb, 7744-7816¢/Ib.; U.S.P., cryst., No, 1 grade, 100-lb. fiber drums, 
$2.75 /tb. 
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Specifications and Standards 


U.8.P. ATV requires that resorcinol dried over sulfuric acid for four hours eontain 
not less than 99.5% of CgHyQ., A solution (1 in 20) should he neutral or acid to litmus 
paper. One gram of resorcinol must dissolve in | ml. of water and in about 1 ml. of 
alcohol. It; must. be freely soluble in glycerin and in ether, and slightly soluble in 
chloroform, The permissible melting range is given ax LOQ-111L°C. On drying over 
sulfuric acid for four hours, it must not lose more than 1° of its weight. On igni- 
tion, it must not yield mare than 0.05% of residue, 

As to the absence of phenol, U.8.P. specifies that a solution of resorcinol (Lm 20) 
must not give any perceptible odor of phenol on gentle heating. The absence of pyro- 
catechol is shown if no turbidity is produced when 10 ml. of a solution of resorcinol 
(1 in 20) is mixed with two drops of diluted acetic acid and 0.5 mi. of lead acetate test, 
solution (0.5 NV) is added, 

Several grades of resorcinol ave on the market: a highly purified grade, U.8.P. 
(recrystallized and powder), technical (flakes), and RM-431. Specifications of the 
producer for these three grades are shawn in Table II (25). A fourth grade (indus- 
trial) has a bulk density of 39.4 Ib. / eu.ft. and a flash point of 335°F. 

Resorcinol, U.8.P., crystals, is regularly packed for domestic shipments in 5L- 
gallon fiber drums with gasketed lids and aluminum-foil or polyethylene-film linings. 
Resorcinol, U.8.P., powder, is similarly packed in 35-gallon fiber drums, containing 100 
pounds net. Bath forms of this grade are also available in 50- and 25-pound packages. 
The other grades, fechnical, RM-431, and industrial, are regularly packed for domestic 
shipments in 88-gallon fiber drums containing 200 pounds net. 

U.S.P. XIV requires that resorcinol be preserved in well-closed, light-resistant 
containers. ‘Resorcinol is hygroscopic aud tends to absorb moisture when exposed 
to a damp atmosphere. Drums should he kept closed, and should be stored. in a dry, 
cool place. Moisture will cause the material to cake and will lower its freezing point. 
Lowering the freezing point as a result of the presence of moisture does not indicate 
the presence of contaminants other than water, but such low-freezing-point material 
may he unsatisfactory for special applications, 

Texpasure to light and air aceclerates the discoloration of resorcinol, Contact. 


TABLE IE. Specifications for Different Grades of Resorcinol. 




















USP. T echnical RM-431 
Physical state... 0.2.0 eee Fine erystals or powder Flakes Flakes 
olor of soli... eee ees White Light-colored Light yellow 
Color when molten, N.P.A. standards, max.. _ 2.5 — 
Purity, % (dry basis), mit... ..... 6.00... 09.5 99.0 96 
F.p., °C. (dvy basis), min... ee 109.4 109.2 107 
Phenol content, %, Max. 06.6... ee eee . 1.0 4,0 
Pyroratecho) content, %, max........0,.6. ° 0.2 QO.4 
Ash, %, Max... 0... ec eee ees 9.005 0.05 — 
Water-insoluble, %, muax...... Cee eens ° 0.05 — 
Acidity, 10% solution.......... 0.000000 0s . _— _ 
Moisture, %, MAK... eee ee 1.0 1.0 — 
Bulk density, Wb. /ewtt....0. eee 14 (erystals ) 39.4 | 39.4 

‘ * 21 (powder) 

Flash point (Tag open cup), °F. (°C) vs 339 (170) - — 





* Meets U.S.P. requirements, 
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of resorcinol with metals other than aluminun and statuless steel also may cause dark- 
ening of the product. Steel and iron are particularly apt bo cause serious discolora- 
tion. Zine causes little discoloration, but does contaminate the product. 


Health and Safety Factors 


Ouly the U.S.P. grade of vesorcinol is considered here, since the technical grade 
thay contain as much as 1% of free phenol. Resorcinol is not normally classified as a 
toxic compound betause it acts primarily as a skin inritant to sensitive persons. 
However, it may cause systemic poisoning, acting as a blood and nerve poison (18), 
and eye injury (32). Therefore, care should be exercised in handling the material, 
and inhalation of tis dust or vapor should be avoided. 

The toxicology of resorcinol and a number of its important derivatives has been 
reviewed in detail (21). 


Uses 


The uses for resorcinol and its derivatives are numerous (7). (See p. 714 
for the end-use pattern.) 

Since colored solutions or precipitates are obtained with many substances, resor- 
cinol and some of its derivatives are finding application as analytical reagents (36,41). 
Resorcinol is also an effective antioxidant, and can further act as a stabilizer for many 
halogen compuunds. The lead salt of 2,4,6-trinitroresorcinol (styphnic acid) is used as 
a component of priming charges for the detonation of explosives (q.v.). 

Many important dyes are based on resorcinol, particularly the eosins (see Xan- 
thene dyes) and a number of azo dyes (¢.v.). In combination with pyrocatechol, 
amines, and an oxidizing agent, resorcinol is used in the dyeing of furs. Resorcinol 
and certain of its derivatives also find application as developers in diazo-type printing 
and in color photography processes. 

Being an antiseptic agent, resorcinol is used in cosmetic preparations. Although 
it has been used internally as an intestinal antiseptic, it is chiefly applied externally 
in the form of pastes and ointments in the treatment of skin diseases. The deriva- 
tives of resorcinol are, in general, less toxic than resorcinol itself and many of them 
are useful in pharmaceutical preparations (12), for example, resorcinol monoacetate 
and hexylresorcinol. 

Resorcinal is also an intermediate for the preparation of p-aminosalicylic acid, 
which has been shown to be of specific value in the treatment of tuberenlosis. See 
Salicylic acid; Tuberculostatic agents. 

The reaction of resorcinol and certain of its derivatives with epichlorohydrin 
yields glycidyl ether-type compounds, which can be cured and dried owing to the 
reactivity of the epoxy group, and which sre therefore useful in special coating com- 
positions (42,48,46,48). 

Resorcinol, and particularly its mixtures and reaction products with aldehydes 
and quinones, with or without sulfonation, have been given consideration as synthetic 
tanning agents. The fact that resorcinol is capable of increasing the swelling of cotton 
fibers in alkalies is of interest to the textile industry. Resorcinol has also been recom- 
mended in the preparation of textile sizes and as a component in textile printing pastes 
(30). 

Resorcinol-formaldehyde resins have been highly developed for use as adhesive 
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to cure at room temperature under neutral pH conditions, that is, without the addition 
of strongly acidic or basic catalysts (8,10,27,31). Such adhesives are of special im- 
portance in the manufacture of laminated timbers, roof trusses, boat structures, and 
laminated paper and. cloth products. Other uses for these adhesives are the inter- 
bonding of textile fabrics, woods, light metals, ceramic materials, plastivs, and elas- 
tomers (7,47). The bond obtained with such adhesives is not affected by wader, is 
fungus-prool and boil-proof, and does not cause degradation of the bonded materials. 
A special application is the bonding of textile materials to rubber, as in the manufac- 
ture of tires, Other similar uses include the fabrication of belting, heavy-duty hose, 
and rubberized textile sheeting (7,30). See also Vol. 10, p. 366. 

In view of the great speed with which it is condensed and cured with formaldehyde, 
resorcinol is used for the modification of phenolic, urea, and related plasties. The ad- 
dition of small quantities of resorcinol to the resin batch or to the molding materials 
increases the curing rate of such resing and is claimed to yield products with greater 
water resistance. 

The mono- and dibenzoate and the salicylate esters of resorcinol are deseribed 
as effective stabilizers of cellilose organic-ester plastic materials, as is the 4-acetyl 
derivative of resorcinol, resacetophenone. The dibenzoate and the disalicylate are 
reported to be effective in inhibiting the embrittlement and discoloration of vinyl 
resins. The mono- and diacetates have been described as useful plasticizers in nitro- 
cellulose, and as solvents for nitrocellulose and cellulose acetate. Resorcinol aryl 
phosphates have been described as plasticizers for cellulose plastics. Resorcinol, 
resorcinol monoacetate, and resorcinol monomethyl ether (m-methoxyphenol) have 
been recommended as solvents for the commercial extraction of lubricating-oil stocks. 
Resorcinol sulfophthaleins have been suggested for use as ion-exchange resins. 


Derivatives 


Some resorvinol homologs, used as antiseptics, are given in Table III. 


TABLE I. Simple Homofogs of Resorcinol. 


Substituent on C-atom no.: 

















Compound 1 2 3 4 A 6 M.p,, °C Byp., °C. 
Resoreinol........ OTL —_ OH —_ — _ 109.8 (L.p.) 281.4 
Cresoreinol.,..... OH — OU Ch — _—  LOL-105 267-270 
Orcinol. oo... 6... OH — OH _ CH; _ 107-108 (ankyd.) 289-290 
B-Orcinol..... 605. OH CH, OL _ CH, —_ 168 277-280 
m-Xyloreinal,.... OH —_ Om CH, _ CH, 124 5-125 276.9 (subl.) 
Mesorcinol,...... OH CH; OH CH; —_— CH, 150 275.5 
4-n-Hexylresoreino) OH = — — Ose, — _ 68-71 — 


Other derivatives include 5-styrylresorcinol (8,5-stilbenediol, pinosylvin) (see 
Vol. 10, p. 384) and fluorescein (see Xanthene dyes). 

Orcinol,. the parent substance of the orseille and litmus dyes, occw's in many 
lichens as orsellinic acid (orcinolearboxylic acid) and as erythrin (diorsellinic erythritol 
ester), from which it may be obtained. Orcinol can be synthesized from p-toluidine 
by the following method: 
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With ferric chloride, orcinol gives a bluish-vhite color, which tums yellow on 
dilution with water, and shaws a green Auorescence. 

Hexylresoreinol, U.8.P. XIV, the well-known antiseptic (¢.v.) and anthelmintic 
(q.v.), is made by condensing caproie acid with resorcinol and reducing the reswting 
ketone: 


ou OM Qu 
S . a AnCly S Anle ‘ 
| 4 ChHyCOOW ——> | a 
POH POH qcl 0 ZOH 
a SY 
% OCS Oolhy 


@-Resoreylic acid (2,4-dihydroxybenzenecarboxylic acid, 2,t-dihydroxybenzoic 
avid, +-hydroxysalicylic acid) (1), formula weight (54.1, is a white crystalline com- 
pound, f.p. 219-220°C. (dee). Its solubility at 25°C. is: in water, less than 0.5 
wt.%; in bengene, less than 0.2 wt.%; it is soluble in alcohol, ethyl ether, 10% 
sodium hydroxide solution, 10% ammonium hydroxide solution, and 25% sulfuric 
acid. The sodium, potassium, ammonium, calchun, and barium salts are soluble in 
water; the silver, lead, and copper salts are only slightly soluble. 

As a derivative of resorcinol and of salicyeclic acid, B-resoreylic acid combines the 
reactivity of both compounds. 

Deearboxylation of S-resorcylic acid to yield resorcinol and carbon dioxide may 
be effected by heating the dry acid, or by boiling with water, salt: solutions, or acid 
solutions, §-Resoreylic acid can undergo halogenation, formylation, acylation, 
nitration, sulfonation, ether formation, esterification, and merceuration. In the same 
maliner as resorcinol, condensation with various @-ketonic compounds yields bicyclic 
compounds (umbelliferones). The coupling of 6-resorcylic acid with diazoninm salts 
results in the formation of azo compounds which are useful as dyes or dye intermediates, 
With formaldehyde, 8-resorcylic acid yields 5,5’-methylenedi-6-resoreylic acid. 

Under conditions similar to those employed in the Kolbe synthesis of salicylic 
acid (q.v.) from phenol, 8-resorcylic acid cau be prepared from resorcinol, the carboxy- 
lation of the alkali regorcylate taking place in a position ortho to a hydroxyl group. 
The carboxylation of resorcinol proceeds more readily than the corresponding reaction 
with phenol. 

One manufacturer (26) has set up the following specifications for §-resorcylic 
acid: physical state, crystalline powder; color, white or light buff; assay, not less 
than 97.0% f-resorcylic acid; m.p. (decompn.), 215°C. min.; moisture, 2.5% max.; 
ash, 0.5% max. £-Resorcylic acid should be stored ina cool dry place. It is regularly 
packed in 100-lb. net fiber drums for domestic shipments. 

&-Resorcylic acid is a useful starting material for the production of dyes, pharma- 
cauticals, photographic chemicals, cosinetic preparations, and fine chemicals. It is 
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used in place of salicylic acid for the production of dyes of deeper and more intense 
- a! Ls in J ‘ . > . 

colors, Substituted derivatives of f-resoreylic acid are frequently prepared to he 

decarboxylated to yield substituted resorcinols which are otherwise difficult, to ob- 

tain, 


COOH 
: SOH HOA \P*°. 0 
| j | an 
ff Ny ee 
OH CH; 


_ 6-Methylombelliferone (7-hydroxy-4-methyleoumarin, 44methylumbelliferone, 
7-hydroxy-4-methyl-1,2-henzopyrone, resocyauin) (IT), formula weight 176.2, is a white 
crystalline compound with a bhie fluoresvence ; f.p., 189.0°C.; be, 241°C. Its solubility 
at 25°C. is:in water, 0.017 wt.%; in alcohol, 3.7 wt.%} it is insoluble in ether, dioxane, 
and vegetable oils. The ultraviolet and infrared absorption spectra and blue fluores- 
cent properties of s-methylumbelliferone have been studied intensively (6), since they 
are the basis of most of the applications of thig compound. 

§-Methylumbelliterone is useful for masking yellow tints (“optieal bleach”) in 
soaps, waxes, plastics, aud synthetic and natural fibers, including paper. The com- 
pound is also useful in suntan lotions as a screening agent for ultraviolet light and 
as an intermediate in organic synthesis, particularly in the productiou of specialty 
dyes. 

6-Methylumbelliferone is obtained by the condensation of resorcinol with aceto- 
acetic ester, CH;COCH2COOC.H,g, in the presence of acid catalysts, such as sulfuric 
acid or phosphorus pentoxide. 

One manufacturer (6) has set up the following specifications for 6-methyvlumbelli- 
ferone: physical state, crystalline granules; color, white to light yellow; purity, 
96% min.; m.p., 186.0°C. min.; moisture, 2.0% max.; alcohol-insoluble, 0.4% 
max.; acidity (as H.8O,), 0.05% max.; screen test 98.0% passes No. 10 mesh. 6- 
Methylumbelliferone is packed in 100-lb. net fiber drums. Being # relatively uon~ 
toxie chemical, it requires only the usual rare in handling and storage which is nor- 
mally given to the average fine chemical, 

Since §-methylumbelliferone is used in soap products, suutan preparatious, 
laundry “whitening” agents, and textiles, a knowledge of its physiological properties 
isimportant. From a munber of tests (6) it appears established that 6-methylumbelli- 
ferone may be classified as not extreniely toxie by single oral doses to laboratory 
animals (comparable to oil of peppermint, U.S.P.); neither is it » marked skin irritant, 
nor does it penetrate the skin readily. From these and from patch tests ou human 
beings, which indicate that 6-methyluubelliferone is not an active sensitizer, applica- 
tions involving low coucentrations of this material would not be expected 10 present 
a dermatitis hazard. 
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RHAMNOSE, CHs(CHOM)CHO. See Curbuhydrates, Vol. 2, p. 871; Sugars. 


RHENIUM AND RHENIUM COMPOUNDS 


Rhenium, Ke, atomic number 75, atomic weight 186.31, is in Group VII of the periodic 
table, inw hich its position is: 


Cr Mn Ve 
Mo Te Ru 
W Re Os 


Although its chemical properties are similar in many respects to those of manganese, 
its association in naturally occurrmg mimerals is with molybdenite and other acid- 
insoluble sulfides. 

The properties of this element, under the name of “dvi-manganese,’’ were pre- 
dicted quite suecessfully from periodic considerations prier to its discovery. Never- 
theless, because of its low concentration in mineral sources, its discovery was nat ac- 
complished uutil 1025. The successful search for this element was made by Nod- 
dack, Tacke, aud Berg (13) who looked for it in those minerals that contained quanti- 
ties of all of its surrounding neighbors in the periodic table. Its initial concentration 
and identification was first uccomplished from a gadolinite. The actual ideutification 
was made by meaus of five lines from the A and L x-ray spectrum of the clement. 
The details of early claims to its discovery have been reviewed by Hurd (8). 

Subsequently kilogram quantities were obtained industrially by Feit (8) working 
at the Asherlebon Potash Works in Leopoldschall. He extracted rhenium from various 
sulfide sludges containing, in addition to rhenium, molybdenum, copper, cobalt, nickel, 
and zine. The production from this source prior to World War IT was in excess of 
600 tb. per annum and was one of the principal sources of the element. 

At the present time, rheniwn is produced in the United States at the rate of about 
a half ton per annum. Production in Germany and the U.S.8.R. is comparable. 
No important uses for the element or its compounds have been developed thus fav. 
Its high cost of about a thousand dollars per pound keeps it largely in the class of a 
curiosity chemical. 

The general chemical properties (15) of rhentium are grossly similar to those of 
manganese (sce Vol. 8, p. 736) although differing in a number of important respects. 
The valence states which rhenium can assume are —1, 1, 2, 3, 4, 5, 6, and 7, The 
valence —1 is unknown for manganese, and +6 is doubtful. Unlike the compounds 
of manganese, rhenium compounds have iicreasging stability with increasing valence. 
Thus, ReeO; and KReO, may be distilled at 350 and 1370°C., respectively, while 
MinQ, and KMn0, cannot be heated above 0 and 200°C., respectively, without under- 
going decomposition. A further difference from manganese is that in the dispro- 
portionation reactions of the lower valence states, rhentum ‘will yield the heptavalent 
stale if proper conditions are chosen. Finally, mesoperrhonates, M;ReO;, have been 
formed, whereas none are known for the permanganates. 

A most interesting feature of the chemistry of rhenium is the stability of the rhenide 
ion, Re~. There are two pieces of evidence for the existence of this species. If dilute 
solutions of the perrhenate ion, ReOQs™, iu ice-cold sulfuric acid, are.slowly passed 
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through a 3-ft.-long bed of amalgamated zine 1% will be found that eight equivalents of 
oxidant are afterwards required to restore the element to the heptavalent state (11). 
If the reduction is attempted at room temperature or higher, reduction only to the -+1 
state occurs. A sulfuric acid solution containing rhenide will be reduced to sulfurous 
acid on heating in an inert, atmosphere, the rhenide being oxidized to Re+. Thus it is 
apparent that when rhenium hehaves like a halide its reducing properties ure compa- 
rable to, but greater than, those of the iodide ion. A second piece of evidence comes 
from a, polarographic investigation of the perrhenate reduction at the dropping mer- 
cury electrode (10). Here it has been observed that the magnitude of the diffusion 
current Indicates an cight-electron change. This is the only additional corroboration 
to date (1953). 


PROPERTIES 
Constants. The most important physical properties of rhenium metal are shown 


in Table I. 


TABLE I. Physical Properties of Rhenium Metal. 





Property Value 
M.p., °K. 3440 + 60 

Density 21.4 (caled. from x-ray data) 
20.53 (caled, from x-ray data) 
20.0 (detn. on melted pellets) 





Crystal structure Hexagonal, close packed 
a= 2.755384 0.0004 A. ¢ = 4.4498 + 0.0008 A. 
Atomic radius 1.371 (co-ordination no. = 12) 
Tonic radius 0.68 (+7) 
Atomic volume 8.82 at O°C, 
Hardness (Brinell) 250 (melted metal electroplate) 
Tensile strength, ke. /sq.mm. 50.6 
Heat of vaporization, kg.-cal./mele 220 
Specific heat 0.03846 (0-20°C.) cal. /gram 


0.03256 + 0.6625 1075 7’ cal. /gram 
atomic heat capacity = 8 Rat —66° C, 


Coeff. of expansion aaxis = 4.67 X 1076 & 8% 
caxis = 12.45 X 107° + 8% 
Magnetie susceptibility per grum 3,69 & 1077 


Electrical vesistivity at 0°C., (ohm)}(sq.cm.)/em. 1.9 % 1078 
Temp. coeff, of resistivity 3,11 x 1078 





Reactions. While the rate of atlack of the metal is determined to 4 considerable 
extent by its degree of subdivision, nevertheless if can be stated unequivocally that 
under atmospheric conditions rhenium will be oxidized to the heptoxide or to perrhenic 
acid. The finely divided metal may be pyrophoric, particularly if formed by a low- 
temperature sodium reduction. ‘The massive metal, electroplates, or the gray rhenium 
powder formed by hydrogen reduction at 1000°C. are much more slowly attacked. 
Commercial rhenium powder, exposed to the air, soon shows the presence of oxidized 
rhenium. Many thin electroplates disappear in a few weeks or a month when kept 
in a warm moist atmosphere, leaving behind a film of perrhenic acid. 

Heating the dry metal at 325°C. in dry oxygen will result in a momentary in- 
andescence as the metal surface becomes oxidized to red rhenium(V1) oxide followed 
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by the slower oxidation to the yellow rhenium(VII) oxide which distills off. Dry 
chlorine gas reacts at a temperature of about 100°C. to give volatile chlorides. Bro- 
mine is less reactive and iodine apparently not at all, Fluorine is, of course, extremely 
reactive at room temperature. 

With sulfur and selenium or their hydrides reaction at elevated temperatures 
produces the disulfide or diselenide. Nitrogen is unreactive at all temperatures. 
Aqueous oxidizing solutions (of chlorine, hydrogen peroxide, ferric ion, ete.) dissolve 
the metal, as do concentrated oxidizing acids. On the other hand, air-free water or 
ait-[ree solutions of the halogen acids, dilute nitric, perchloric or sulfuric acid, potas- 
sium hydroxide, or ammonia are without discernible effect. 


ANALYSIS 


Since rhenium has not yet found extensive use in commerce, the details of its 
anulysis have not been well developed. Nevertheless, there are a number of excellent 
methods for its determination as a trace constituent in naturally occurring minerals 
and also for its determination as a major constituent. 

As a trace constituent tt is usually concentrated by extraction of its thiocyanate. 
Sohitions of the perrhenate ion are reduced with stannous chloride in the presence of 
thiocyanate; the red-colored complex which is formed under these conditions is ex- 
tracted with ether or a low-molecular-weight ester. In this way rhenium may be 
separated from all other clemeuts but molybdenum. 

Another method of concentration involves steam distillation from sulfuric, 
perchloric, or hydrochloric acid mediums (7). Because of its volatility, acid solutions 
containing rhenium cannot be boiled down without loss. Once concentrated in either 
of these ways the rhenium may be determined spectrophotometrically using the thio- 
cyanate reactions. Conditions for its determination must be strictly controlled if 
accurate results are to be obtained. Other reactions suitable for its colorimetric deter- 
mination are (/) the reaction of perrhenate in concentrated sulfuric acid with hydrogen 
peroxide and (2) the reaction of perrhenate with stamous chloride in the presence 
of such oximes as dimethylglyoxime, biacetyl monoxime, and benzil mouoxime. 

In the first of these (14), the rhenium forms a yellow peroxy complex of unknowu 
composition with an absorption peak which shifts somewhat with the sulfuric acid 
concentration employed. For 96% acid the peak appears at 390 my. Titanium, 
niobium, and molybdenum also have peroxy complexes which have peaks in this vicin- 
ity. he separation from titanium and niobium (columbium) is easily achieved, 
however. With the oximes (5), the color reaction is one which develops slowly to a 
maximum, ‘Che colors vary with tle dioxime employed but are usually red or purple. 
The sensitivities of these reaetions are much greater than for the peroxy complex. 
Unfortunately, molybdenum has colorimetric reactions which are comparable to those 
for rhenium and provision must therefore be made for its removal prior to deter- 
mination whenever the molybdenum is present in great excess, 

The determination of macro amounts of the element is best accomplished by pre- 
cipitation as tetraphenylarsonium perrhenate, [(CoHs)sAs|+ReQ,-. ‘Chis reaction is 
almost specific for the group VII elements in their heptavalent states. Molybdenum 
does not interfere here. 

The most satisfactory method for the separation of molybdate and perrhenate 
takes advantage of the weak acidity of the former. When these two ions are 
adsorbed on an anion exchange bed the molybdate is eluted easily with dilute acid 


724 RHENIUM AND RHENIUM COMPOUNDS 


solutions and thus may be eliminated. Other less satisfactory methods are ones in 
which (/) the molybdate is reduced preferentially with mercury metal in an acid 
thiocyanate solution followed by extraction with ethy] acetate, and (2) the preferen- 
tial steam distillation of rhenium from concentrated sulfuric acid at 250°C. While 
both of these will produce ten-thousand-fold reductions in the molybdenum concen- 
tration, this is not always sufficient when the rhenium is being determined in molyb- 
denites. 


OCCURRENCE AND EXTRACTION 

Rhenium is seldom found naturally in anything larger than trace concentrations, 
that is, usually less than 50 p.p.m. Its highest natural concentration is in molyb- 
denites. It is not appreciably associated with manganese (6,9). 

Commercially it is generally extracted from concentrates of molybdenum sulfide 
obtained from the copper industry. The extraction process still essentially follows 
that of Feit. This process includes either a dry or wet, oxidation of the sulfide residues. 
Under these conditions the rhenium is converted largely to the heptoxide, ResOQ7. 
Extraction with water or dilute sodinam hydroxide yields a dilute solivtion of perrhenic 
acid, HReQ,, or its corresponding sodium salt. Taking advantage of the relatively 
low solubility of the potassium salts, these Equors, after prelimimary concentration, 
are treated with a potassium salt, to precipitate potassium perrhenate. This is re- 
erystallized for further purification, This salt is thus the primary chemical from which 
all other compounds and the element itself are derived, 


PREPARATION 

Rheninm metal is easily prepared with a high degree of purity by iguition in hydro- 
geu of its oxides or sulfides or of perrhenates. The metal so obtained is a finely divided 
black or grayish powder. When obtained from perrhenates, the initial product is 
contaminated with alkali, which can be removed by extraction with water or dilute 
acid after which the residue is re-ignited in hydrogen to eliminate oxide contamination. 

The massive metal has heen prepared by a siuter technique, by the thermal decom- 
position of its pentachloride on incandescent tungsten or platiium filaments, and by 
electroplating from acid solution, In the sinter method, bars of metal were formed 
by compressing rhenium powder.and heating in hydrogen at 1100°C. for a half hour 
to strengthen them. They were then brought to the sinteriug temperature still in 
the hydrogen atmosphere by means of a low voltage-high amperage alternating 
current. Temperatures in excess of 1500°C. were used. There appears to be little 
or no published experience on the working or shaping of this metal. 

In the thermal decomposition method, temperatures of 1800°C. and higher have 
beenused. At the lower temperatures rhenium does not appear to alloy with the tung- 
sten or platinum filaments. Details of the electroplating technique have been pub- 
lished both for commercial plates (4) as well as for the analysis of solutions containing 
the metal. Commercially, the metal may be obtained from buths of sulfuric, oxalic, 
or phosphoric acids as well as from a nearly neutral bicarbonate bath. The throwing 
power in these solutions is excellent. The plates obtained are hard, bright, and com- 
pact when the temperatiwe, pH, and current density are held within the limits speci- 
fied in the original publication. Codeposity of rhodium and rhenium on brass and co- 
depasits of nickel and rhenium on brass have been made. 

Quantitative electrolytic deposition of the metal has been achieved from sulfuric 
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acid (56-20%) and perchloric acid (120%) baths outo platinum or stainless steel 
sheets. The metal may be stripped by flexing the electrode. Parities in excess of 
99.9% have been reported for these deposits. 

Héleman has reported the preparation of viscous amalgams containing up to 3% 
of the metal. This has not been confirmed to date (1953). 


ALLOYS 


Only a few alloy systems involving rhenium have been studied and so far none 
has become of commercial signifieance. Data have been compiled on the solidus 
curve for the tungsten-rheniun system. A metallic phase W.Re; has been identified 
melting at 8280 A. Eutectics have been found at 50 and 67 atomic per cent of rhenium. 
Because of the lower vapor pressure which these alloys have, coupled with a higher 
electron emissivity, they may displace tungsten filaments in certain electronic applica- 
tions. Eggers (2) has made a thorough study of the iron—rhenium diagram. 


Rhenium Compounds 


Although rhenium forms compounds in which its valence is as low as one or two, 
the existence of a rhenium cation either in solution er in melts has yet to he demon- 
strated. In the compounds isolated to date, it is present erther as an anion or else is 
present with purely covalent bonding. 


Rhenium Carbenyls. (See also Carbonyls.) 


The pentacarbonyl has been prepared by means of the reaction: 
Rew: +17 CO = [Re(COdso -+ 7 COs 


The reaction goes quantitatively at 250°C. and at 200 atm. pressure of carbon mon- 
oxide, The perrhenates and the heptasulfide also react similarly but with greater 
difficulty. The pentacarbonyl] forms white, odorless crystals melting at 177°C. in a 
sealed tube. These crystals sublime readily at 140°C. The compound is dimeric 
in organic solvents and shows an absorption band at 310 my which is associated with 
the bonding of the two fragments. The compound is inert to mild acid or alkaline 
attack but not to the strong oxidizing attacks of hot concentrated sulfuric or nitric 
acid. Amines and heterocyclic bases, such as pyridine (py) and o-phenanthroline 
(phen) displace the carbon monoxide when heated with the carbonyl at temperatures 
between 120 and 200°C. Re(CO)spy, and Re(CO)sphen lave been prepared. These 
compounds are very stable to all reagents but the hot concentrated oxidizing acids. 

With the halogens, combination occurs giving compounds of the form Re(CO);X, 
which are stable to about 400°C. They are odorless and colorless except for the iodide 
which is a pale yellow. They sublime at about 100°C. without decomposition in car- 
bon monoxide. 


Rheniwn Halides and Oxyhalides. 


By direct combination of the elements the hexafluoride, the tri- and pontachlorides, 
and the tribromide may be formed. The tetrafluoride is formed by the reduction of 
the hexafluoride with hydrogen or other reducing gas. Attempts to form the iodide 
and the heptafluoride have failed. 

Rhenium tetrafluoride, ReF;, is dark green in color, melting to a liquid of similar 
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color at 124.5°C. Tt ean be sublimed without reaction at 500°C. in a stream of sulfur 
dioxide. It is not quite as reactive as the hexafuoride but will nevertheless attack 
quartz at about 80°C. It seems likely that one of the products of that attack is the 
oxyfluoride ReOFs. 

Rhenium hexafluoride forms pale yellow crystals melting at 18.8°C. and boiling 
at 47.6°C. It has a Trouton constant of 21.5, heat of vaporization 6.89 kg.-cal./mole, 
and a critical temperature of about 209°C, It reacts vigorously with water and oils 
and attacks glass and quartz at room temperature. Disproportionation tnvariably 
occurs. Thus with water the reaction is: 


3 ReF, + 10 HaO == 2 AReO, + ReQ, + 18 HF 


and with hot quartz the final products are the tetrafluoride and the oxyfluoride ReQsF. 

The hexafluoride can be reduced either to the tetrafluoride or the metal with 
hydrogen. or carbon monoxide. At temperatures of about 200-800°C. the reaction 
stops at the tetrafluoride while at elevated temperatures the metal results. With 
oxygen or oxidizing agents the heptavalent ReOsF or the hexavalent: ReOF; are formed, 
the more severe attack yielding ReO.F. 

Rhenium trichloride, ReCh, is a reddish-hlack substance giving a deep red color 
to its solutions in water and in ketones. It is formed by direct chlorination at 500°C, 
by the thermal decomposition of the pentachloride, or by heating silver hexachloro- 
rhenate(IV), AgoReCls. The latter componnd decomposes as follows: 


2 AgeReCl, ———> ReCh, -+ ReCl + 4 AgCl 


At one time it was thought that the product of the reaction was the tetrachloride 
rather than an equimolar mixture of the two. This led to some confusion in the earlier 
literature. 

The trichloride is covalent in character and dimeric when dissolved in glacial ace- 
tic acid. Freshly prepared solutions have a conductivity only a little greater than that 
of pure water and do not give a test for chloride ion, In due course, however, the com- 
pound is completely hydrolyzed to the sesquioxide. The compound forms a dihydrate 
in moist air without apparent hydrolysis. Removal of the hydrate water leaves the 
chloride as an amorphous powder. The trichloride is easily hydrolyzed in dilute alkali 
and may then be oxidized by air to the perrhenate. Jn acids other than the halogen 
acids, it is very resistant to oxidation. The dry chloride, however, may be oxidized to 
ReO,C1. 

Rhenium pentachloride, ReCl;, is a blackish solid having a dark brown vapor. 
It ts easily decomposed by heat into the trichloride and chlorine. It is easily oxidized 
to form the more volatile oxyhalides ReOCl, and ReO;Cl. Heated with a solid alkali 
chloride it undergoes an energetic reaction to form the hexachlororhenate(IV) and 
evolve chlorine gas. With dilute alkali the pentachloride disproportionates to give 
the dioxide and perrhenic acid. In concentrated hydrochloric acid it forms hexa- 
chlororhenic(TV) acid and perrhenic acid. In aqueous solution all of the above prod- 
ucts are formed. No pentavalent oxychlorices or oxyhalides are known. 

Rhenium tribromide, ReBr;, has been prepared by decomposition of silver hexa- 
bromorhenate(IV), AgeReBre. The corresponding iodo sali when heated evolves 
iodine and gives no indication of compound formation between the metal and iodine. 

Rhenium Oxyhalides. A considerable number of these have been made and. 
positively identified. The heptavalent compounds have a composition corresponding 
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to ReO:X. ‘The hexavalent and tetravalent compounds have the compositions ReOX4 
and ReOXe, respectively. 

Halorhenates(IV) (halorhenites). Complexes of tetravalent rhenium of the 
structure MeReX, have been prepared with all four halogeus. The usual method of 
preparation is to reduce a perrhenate with hydriodic: acid in the presence of a consider- 
able excess of the halogen acid whose complex is to be prepared. After reduction 
repeated evaporations with excess halogen acid will serve to displace any iodide com- 
plexed in the halorhenic(IV) acid. The hexafluoro- and -chlororhenates(IV) are green, 
the hexabromorhenates(IV) yellow, and the hexaiocorhenates({V) are black solids 
giving deep violet solutions. Iodorhenic(IV) acid appears to differ in composition 
from the other halorhenic(IV) acids, its composition corresponding to HRels although 
potassium iodorhenate(IV) crystallizes as K2ReI,. ‘The analysis for these complexes 
is facilitated by the low solubility of their alkylammonium, pyridinium, and 8-hydroxy- 
quinolinium salts. 


Rhenium Oxides and Acids. 


OXIDES 


Dirhenium oxide, Re.O, and rhenium monoxide, ReO, have been reported but 
their identification is doubtful. 

Rhenium sesquioxide, Re.Q;, has been prepared by the hydrolysis in alkaline 
solution of the trichloride. It is so easily oxidized by air and even water that pure 
preparations have not been achieved. 

Rhenium dioxide, ReQ,, is a black solid prepared by the hydrolysis of rhenium 
tetrahalides. It is easily oxidized in aqueous solution to the heptavalent state. 
Heuting in vacuo or in the absence of oxygen results in a disproportionation to the 
metal and heptoxide. It is readily soluble in the concentrated halogen acids, forming 
halorhenates(IV). Alkalies also dissolve it slowly to form rhenates(IV). 

Rhenium trioxide, ReO,, is a pure red nonvolatile solid similar in structure to 
CrO, and WO,. It is most conveniently prepared by thermal decomposition of the 
addition compound of the heptoxide and dioxane, ResQ;.8C,H,O.. It may also he 
prepared by reduction of the heptoxide with sulfur dioxide or carbon monoxide at 
180-250°C. On igniting rhenium metal in an oxygen atmosphere, surface layers of the 
trioxide are formed as the metal becomes incandescent. Oxidation to the heptoxide 
is a slower process. If the oxide is heated in vacuo disproportionation to the dioxide 
and heptoxide occurs. The oxide is insoluble in acids or alkalies. Reducing or oxidiz- 
ing attacks will dissolve it with a change of valence. 

Rhenium heptoxide, Re.O,, is a crystalline, canary-yellow compound formed by 
the complete oxidation of the metal or one of its lower oxides. The oxide melts at: 
304°C, and boils at 350°C, The vapor is monomeric. A white form of the heptoxide 
is known. It is formed by passing cold oxygen or air over the heated metal. The 
white smoke which results is extremely difficult to conderise or trap. 

Reduction of the heptoxide with sulfur dioxide or carbon monoxide at 300°C. 
proceeds to the red trioxide with intermediate formation of a “rheuium blue” (see also 
Molybdenum, Vol. 9, p. 203). The composition of the blue compounds is not precisely 

_ known, but it is not a modification of the trioxide. The heptoxide.is extremely deli- 
quescent, forming colorless perrhenic acid. Tt is soluble iu alcohols, ketones, ethers, 
esters, acid anhydrides, etc. Tt is only slightly soluble in the halogenated solvents. 
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ACIDS AND SALTS 

Rhenates(IV) (rhenites), M.ReOs, may be formed by fusing the dioxide with alkali 
oxides in the absence of oxygen. Sodium and potassium rhenates(TV) are brown solids, 
insoluble in water. In dilute deid or alkali solutions they decompose with precipitation 
of the dioxide, 

Rhenates(V) (hyporhenates), MReO;, have been prepared by the cautious 
oxidation of the rhenate(IV) fusions. As the oxygen is absorbed, the brown mass 
turns yellow. By washing the sodium hydroxide fusions with cold water or alcohol, 
pale yellow crystals of the sodium salt, NalteOg, were isolated. These disproportion- 
ate into the rhenate(IV) and perrhenate ou heating or when held in solution for 
any length of time. Sodium rhenate(V) forms mixed crystals with sodium metanio- 
bate and metatantalate. 

Rhenates(VI) (rhenates), M2ReQ,, are green just lke the manganates(VI). 
They have not been isolated because of their extreme tendency to disproportionate into 
rhenates(1V) and perrhenates. These salts have been made by the cautious oxidation 
of melts containing the rhenate(V) or by fusing enough rhenium dioxide with a per- 
thenate to give the proper composition. The barium salt was prepared as an insohible 
residue when the fused melt of the perrhenate, Ba(ReQ,2, the dioxide and sodium 
hydroxide was extracted with aleohol. It was decomposed immediately by water, 
but in the presence of excess alkali it was more stable. Coprecipitation with harium 
sulfate Gvith which it forms mixed crystals) renders it more stable. 

Perrhenates. Perrhenic acid exists not only as the monobasic “meta” form, 
HReQu, but also as the tribasic “meso” form, H,ReQs, in which the first ionization 
constant is large although the second and third coustants are quite small. Thus the 
acid can he titrated with strong or weak bases to form the meta salts, but for the for- 
mation of the meso salts strongly alkaline conditions are required. Apart from 
aqueous solutions, neither form of the acid has been isolated, however. 

Perrhenic acid is formed by the oxidation of the metal ov of its compounds in 
lower valence states. Relatively weak oxidants are required, such as hydrogen per- 
oxide, salts, or air, if a neutral or alkaline medium is used. ‘The acid solutions are color- 
less. If taken to dryness the vellow heptoxide is formed. Since the dissociation prod- 
ucts of the acid are volatile, the boiling of acidified perrhenate solutions will result 
in a loss of the element. 

In strongly acidified solutions, perrhenic acid may be reduced by Ti+, Sn?*, 
Fe?*, I>, and hydrazine. Reduction usually proceeds to the pentavalent stage char- 
acterized by a faint blue color. With iodide, reduction goes to the tetravalont stage 
with formation of the halorhenie(TV) complex. 

A largo number of the (meia)perrhenates have been prepared and their physical 
‘and chemical properties tabulated. They are colorless and stable. Unlike per- 
manganates, periodates, and perchlorates, the alkali salts of perrhenic acid may he 
melted ancl distilled without oxygen evolution. The solubilities of these perrhenate 
salts are comparable to those of the other salts just mentioned, that is, the Hthium and 
sodium salts show a much greater solubility than the potassium, rubidium, and cesium 
salts. ‘Tetraphenylarsonium ion precipitates the perrhenates as effectively as it does 
permanganates. 

The mesoperrhenates ave salts, yellow in color, with a composition corresponding - 
to the general formula M;ReOs. They are formed by the further neutralization of 
metaperrhenic acid in strongly alkaline mediums. Thus the addition of more barium 
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hydroxide to a solution of barium metaperrhenate results in precipitation of the ycllow 
salt, Its composition is independent of the barium hydroxide concentration, provided 
a ten-fold excess is used. ‘Uhe mesoperrhenates are formed with greater case in alkaline 
fluxes of any of the perrhenates. Like so many compounds of the other transition 
elements, these salts show a color change on heating. In this instance the change is 
from yellow to ved as the temperature is raised. The mesoperrhenates are unstable 
in water, where they are hydrolyzed back to the meta compound. 


Selenides. 


Both the hepta- and the diselenide are known. Their chemical properties are 
similar to those of the sulfides. 


Sulfides and Thio Salts. 


Rhenium disulfide, ReS., has been prepared by direct combination of the elements 
at elevated temperatures, by the thermal decomposition of rhenium heptasulfide, and 
by precipitation with hydrogen sulfide from acid solutions of rhenium(IV) salts. ‘The 
disulfide is a black compound insoluble in alkaline or acid solutions of a nonoxidizing 
character, Alkaline sulfides also fail to attack it. Wirth oxidizing agents it is easily 
converted to the perrhenate when in a fine state of subdivision. Preparation by 
the high-temperature methods yields a product that is very slow to dissolve. The di- 
sulfide has a soft slippery quality when rubbed betweon the fingers. This is com- 
parable to the disulfide ef malybdeaum. Like it, the rhenium sulfide also has a layer- 
like lattice. This compound hus been used as a dehydrogenating catalyst for alechols. 

Rhenium heptasulfide, Re.S,, may be prepared quantitatively by hydrogen sulfide 
precipitation from 4 M7 hydrochloric acid solution. Prepared in this way it separates 
as the monohydrate. It can also be prepared by passing dry hydrogen sulfide gas over 
the solid heptoxide at 250-275°C, This sulfide is an amorphous black powder which 
is often pyrophoric. Heated in the absence of air at 250°C., it loses sulfur and is re- 
duced to the disulfide. Tt is relatively inert to the common reagents, yielding only to 
oxidizing attacks by alkaline hydrogen peroxide, bromine water, concentrated nitric 
acid, ete. 

Thioperrhenates, MReO,S8, may be prepared by passing hydrogen sulfide into 
neutral aqueous solutions of perrhenates. Although there appear to be other thio- 
perrhenates in which more of the oxygen atoms are replaced by sulfur, only salts of the 
monosubstituted species have been prepared. The thallous salt has been isolated by 
precipitation followed by washing with water and alcohol. This salt on standing 
in pure water is oxtensively hydrolyzed back to the perrhenate and hydrogen sulfide. 

Other ions, such ag the silver ion, precipitate their own sulfides rather than a thio 
salt; plaumbous, mercuric, and cupric ions precipitate mixtures of sulfides and thio 
salts. 
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C. I. Hiskry 


RHEOLOGY 


Rheology is defined as the systematic investigation of the deformation and flow of mat- 
ter. Although the study of rheological problems is very old, going back to the ancient 
Egyptians, the science received its present name from E. C. Binghain in 1929 (23). 
Previously the subjevt had been divided into a number of interrelated subjects, the 
most important of which are elasticity, viscosity, plasticity, and fluid mechanics. The 
study of elasticity found its first general quantitative expression in Hooke’s law, enun- 
clated in 1676; and, during the 18th and 19th centuries, the subject was richly elaborated 
in mathematical form (18). The original statement of the fundamental law of viscous 
flow by Newton in 1687 was not developed further, cither experimentally or theoreti- 
cally, until the middle of the 19th century, and the existence of a wide variety of flow 
phenomena was not suspected until the early part of the 20th century. See also Alloys; 
Fluid mechanics; Surface properties; Viscometry. 


General Principles (17,18) 


The deformation of matter can be arbitrarily divided into two types: (/) reversible 
deformation, called elasticity, and (2) irreversible deformation, called flow. The work 
used in deforniing a perfectly elastic body is stored as potential energy which is re- 
leased when the body is restored to its original, undeformed form; whereas the energy 
used in sustaining flow is dissipated as heat because of internal friction. The deforma- 
tion of a substance is usually expressed in terms of strain, which can be generally de- 
fined in an elementary manner as the relative deformation of a body. Thus, in the case 
of a body subjected to a uniform hydrostatic pressure, the strain is the relative change 
in volume, (V/V); and, in the case of, say, a rod heing pulled in the direction of the 
axis, it is the relative change in length (61/0). Deformation ean be either change of 
volume or change of shape; the latter is called distortion. 

‘To produce the strain, a stressmust be applied, he stress is defined as a force per 
unit area; and this force can be applied perpendicularly to the surface, tangentially (a 
shearing stress), or at any other angle to the surface of the body deformed. Quantita- 
tive rheology is concerned with stress-sirain—time relationships and the influence of 
such factors as temperature upon them. 


HOOKIAN ELASTICITY 


An ideal elastic (Hookian) body is defined as a substance which is deformed 
reversibly and for which the strain is proportional to the stresy (Elooke’s law wt tensio 
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sicvis), The ratio of stress over strain is called the elastic modulus, and it can be shown 
that homogeneous nonisotropic bodies exhibit as many as 21 independent elastic 
moduli. For deseribing the properties of a homogeneous isotropic material, three 
elastic moduli are usually employed. They are: Young’s modulus, Y (change in 
normal stress divided by resulting relative change in length), which describes the dis- 
tortion of the material under sinyple tension; shear or rigidity modulus, » (change in 
tangential stress divided by change in resulting angle of extension); and bulk modulus, 
B (change in hydrostatic pressure divided by resulting relative change in volume). 
These moduli, which are graphically depicted in Figure 1, accompanied by Poisson’s 
ratio, » (lateral contraction divided by extension in simple tension), are enough 








che A 
F 
Young's modulus = Y Shear modulus = Bulk modulus = B Coefficient 
,  O8l oF/A aS ar/A } ap y ar/A of viscosity = 7 
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7 ~ _ oo 
Poisson’s ratio = g dx/dt dx /Ot 


w= —dd/dl 
Fig. 1. Definitions of the elastic moduli and the coefficient of viscosity. (It should be noted that 


these definitions arc not usually presented in this differential form in treatments of the ideal elastic 
or viscous bodies.) 


to give wu complete description of an ideal, isotropic, elastic body. For such an ideal- 
ized body, these four constants are related as follows for small deformatious: 


Y= 3B — Qn) = 2 nl + yn) 


It should also be noted that the coefficient of compressibility of a substauce is the re- 
ciprocal of its bull modulus. Elastic moduli are usually reported in terms of dynes per 
square centimeter or pounds per square inch, 

The concept of an ideal clastic substance has been highly elaborated in mathe- 
maticalform. Calculations of the bending of variously shaped beams and plates being 
deformed in diverse ways form the basis of a large segment of mechanical engineering 
(27), The design of buildings, bridges, process equipment, machinery, boilers, and in 
general all construction is based on the mathematical theory of elasticity aud the ideal, 
isotropic, elastic body. 

Very few substances are ideally elastic; but for small distortions, less than the 
so-called elastic limit, the theory offers a satisfactory approximation for most relatively 
rigid solids. Probably the closest approach to an ideal, isotropic, elastic body is found 
in vitreous silica. For the purpose of elasticity calculations, polycrystalline metals 
are considered as being isotropic. The elastic constants of some nearly ideal materials 
ave presented in Table I. 
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TABLE I. Measured Values of Some Elastic Constants at Small Extensions and 25°C. 








Young's Approximate Shear Bulk , 
produjns, ¥,  Propgrtionatity a ni —Poigon’s—— dynea/acyem’ 
Material ‘ aN ieee Ty extension % LG7EL ratio, « 1ar7tw ' 

Vitreous silica,.......... 7.00 0.02 3.05 0.14 3.74 
Barium borosilicate glass, 

Jena No. 1299, ..... 7.81 0.02 3.08 0.37 5.70 
Barium aluminophosphate 

glass, Jena No. 270.. 6.20 0,02 2.48 0.40 4.18 
Lead silicate glass (high 

density), Jena No. 500 9 5.38 0.02 2.18 0.42 8.45 
Mild steel...........024 20-22 2.5 7.6-8.3 0.20 16.00 
BYOSS. cee ee 8-10 2 2.6-3.8 2.5-0.4 6.1 
Constantan.........0..-- 16.3 2 6.1 0.38 16.00 
Nickel, 20.0.0... e eae 20-22 2 7.8-8.0 0.30 17.00 
TH. eee 3.9-5.5 _ 1,7-2.0 0.38 5,2 
Silver... cee ee eee 6-8 2 2,41-2.8 0.38 10.00 
Granite. ......0.....005 approx, 3 0.5 approx. 1 approx. 0.3 approx, 3 
Gelatine gel contaiing 

80% HeO........... 0.00002 10 _ Q.50 _ 
Dry wood, exial pe.......  0.4-1.8 1 _ — — 
Dry wood, radial pe... ... approx. 0.1 1 —_ — oo 
Silk thread... 0.0.0.0... 0.64 1 _ _ _ 
Natural rubber.......... 0.000086 100-200 0.0069 0.49 0.0019 
Tard rubber. ........0.. 0.026 3 —_ — —_ 
Mineral-filled phenolie 

TESIN ,easeee eee eeeee 0.24 2 ; —_ _ _ 
Nylon..... rrr 0.0381 : _ —_ _ 
Polyethylene............ 0.0010 2 — _ _ 





The temperature dependence of the elastic constants of solids is not: pronounced 
and has received relatively little attention, either experimentally or theoretically. 
For metals and ordinary silicate glasses, it has been found that the shear modulus 
decreases with rising temperature. Flowever, for vitreous silica, the reverse is true. 
The change in Young’s modulus or shear modulus with temperature is usually of the 
order of magnitude of a few hundredths of a per cent per degree centigrade for solid 
materials, 

It is generally found that the compressibility of normal liquids decreases as the 
temperature increases. This increase in bulle modulus with rising temperature is 
usually in the range of 0.2-2.0% per degree cantigrade for moderate pressures (< 500 
atm.) and temperatures (for example, — (00 to +3900°C,). The bulk wodulus of 
liquids often increases linearly with increasing pressure, approximately doubling per 
104 ke. per square centimeter of pressure. 

NEWTONIAN FLOW 

An ideal Newtonian viscous body is defined ay a substunce which flows and for which 
the rate of strain in shear is proportional to the shearing stress. The rate of strain in 
shear (commonly called rate of shear) is defined as the linear (nonrotational) velocity 
gradient across the direction of flow, ‘The resistance to steady flow--or the internal 

friction--—of a substance flowing in a lamellar manner is measured by the ratio of stress 
to rate of shear, which is called the coefficient of vfscosity. This constant, together with 
the compressibility (bulk niodulus), is usually employed to describe the mechanical prop- 
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erties of Newtonian fluids (gases and so-called normal liquids). It is sometimes as- 
suned that, Newtonian liquids do not exhibit a shear modulus or Young's modulus, 
but there is no reason for making this assumption; and inceed all of the possible elastic 
moduli can readily be measured on Newtonian materials having very high viscosities 
(> approx 10° poises), Other authors define Newtonian liquids so that they may 
nob show clastic after-effects, such as are deseribed later under “Combined elastic and 
viscous effects.’’ The important condition of any definition for Newtonian fluids, 
however, is the proportionality between stress and rate of shear, and hence the con- 
staney of the viscosity coefficient with rate of flow. 

All gases act as Newtonian fluids. The coefficients of viscosity (or just viscosities 
for short) of a number of Newtonian fluids, both gases and liquids, are given in Table I. 
The c.g.s. unit of viscosity is the poise, whose wits are dynes per square centimeter 
divided by reciprocal second or dyne-secoud per square centimeter. Viscosities are 
usually reported in terms of poises or stokes, stokes being equal to the viscosity in 
poises multiplied by the density of the fluid in grams per cubic centimeter. Viscosities 
are also given relative to that of water, which is nearly exactly equal to one centipoise 
(LO~? poise) at 20°C, 


TABLE II. Rheological Data for Some Newtonian Fluids. 








Compress~ 
i bility 
at small 
pressures Extrapolated 
Cosfficiont and 25°C, Activation viscosity 
of viscosity sq.em./ energy of at infinite 
at 20°C,, dynes, flow, #, temperature, 4, 
Material State noises XK 19e ke.-cat. Poises, 
Fydrogen........... Gas 9.31 x 1075 — —_ — 
Aire ccc ce eee Gas 18.6 x 1075 — _ —_ 
Krypton... ec... es Gus 24,6 X 1075 — — _ 
Acotone.......+ eee Liquid 3.31 % 1078 108 1.70 1.78 X 1074 
Benzene...... 02.000 Liquid 6.47 X 1078 97 3.40 1.08 X% 1074 
Water... ce... eee eee Liquid 10.05 x 1078 50 6.75(—10°C.) 1.0 * 1078 (—10°C.) 
4.05 (20°C,) 5.8 X 1074(20°C.) 
3.80 (60°C.) 8.2 * 1077(60°C,) 
2.95 (120- 5.4 * 1073 (120- 
140°C.) 140°C.) 
Mercury. .... 20.2. ee Liquid 15.5 X 1073 3.8 0.598 5.6 * 1073 
40% Sucrose-60% H.0 Liquid 62.0 x 107° 33 5.98 2.4 X1075 
60% Sucrose-40% H2,O Liquid 0,565 26 9.9 2.4 1078 
95% Glycerol-5% 20 Liquid 6.45 22% 12.7° 1.4 107" 
Castor oil... 22. .-645 Liquid 10.3 47 13.2 1.4 107% 
Bromal hydrate....., Liquid — ~_ 15.8 5.4 ®& 1078 
Sodium chloride...... Liquid — — 9.40 1.95 K 10-4 





* Vulues for 100% glycerol. 


According to the kinetic theory, the viscosity of a gas is related to its molecular 
weight, M, its collision diameter, o, and the absolute temperature, 7, by the following 
equation in which 2 is the gas constant, V is Avogadro’s number, and k is a constant 
which has the value # according to the simple theory and 1.00 according to more 
elcgant calculations based on elastic, solid, spherical atoms: 

_ k/RMT 


7 cr No 
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It should be noted that the above expression does not involve the pressure; and 
experimental investigations have indeed shown that from pressures of a few milli- 
meters of mercury up to several atmospheres, the viscosity of a gas is independent of 
pressure. At very low pressures, where the mean free path of the gas molecules is 
larger than the diameter of the capillary tube through which the gas is flowing, Poi- 
seuille’s law for flow through a cylindrical tube (see Fig. £) no longer holds, and the 
rate of flow through the tube becomes independent of the viscosity coefficient and pro- 
portional to the third rather than the fourth power of the radius of the tube. 

The equation for 7 given above can be used to calculate absolute values of the 
viscosity coefficient of a given gas if the collision diameter, ¢, isknown. Tor the pur- 
pose of viscosity calculations, an approximate value of o can be obtated from the can- 
stant 6 of van der Waals’ equation: 


where 71 is the number of molecules per cubic centimeter and b comes from the van der 
Waals’ equation: 


(v + “) (V -6) = RT 


For nitrogen at 0°C., the viscosity calculated in this manner is 1.8 & [074 poise for 
k = 34 and 1.8 X 107-* for k = 1.00. ‘These values compare favorably with the 
observed viscosity of {.66 * 1074 poise. 

Since o does not vary wich from one gas to auother, the viscosity coefficient of a 
gas is seen to be roughly proportional to the square root of its molecular weight. 
However, o does decrease with increasing temperature, so that the viscosity coefficient, 
of a, gas increases with temperature more rapidly than in proportion to ~/7. Consider- 
able mathematical effort has heen expended on the development of an equation which 
will give the correct temperature dependence of gaseous viscosity (14). The hest 
equation derived to date includes two intermolecular force constants (adjustable con- 
stants) and gives, for example, computed values corresponding to within hetter than 
1% with the measurcd values for the viscosity of hydrogen gas between —250°C, 
and -+150°C, (14). 

Unlike the viscosities of gases, which increase roughly in proportion to tempera~ 
ture, the viscosities of Newtonian liquids decrease logarithmically as the temperature 
israised. The flow of Newtonian liquids is an activated process, and the temperature 
dependence of the viscosity coefficient, 7, is given by 7 = Ac™/#?, where His the acti- 
vation energy of flow, and A is a constant. Newtonian liquids exhibiting consider- 
able secondary bonding, such as hydrogen bonding, do not follow the above equation, 
exactly, since a plot of logy vs. 1/7 is not a straight line but has a slight curvature away 
from the 1/T axis (see the data for water in Table IL for the effect of this curvature 
on the constants A and #). 

There are several semiempirical relationships which involve the activation energy 
of flow. Thus, for liquids with simple spherical molecules, # is approximately equal 
to one-third of the heat of vaporization; and, for liquids with secondary bonding or 
asymmetrical flow units, / is approximately equal to one-fourth the heat of vaporiza~ 
tion (9). The temperature variation of Newtonian viscosity is also roughly dependent 
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on the magnitude of the viscosity coefficient, being greater for the higher viscosities. 
This effect (1) is approximately described for ail liquids except polymerized ionic melts 
by: 


B= 20 T (log y + 2.4) 


where 7 is the viscosity, 7' is an absolute temperature in the rauge at which the vis- 
cosity is being considered, and # is the activation energy in calories to be inserted in 
the integrated form, given below, of the temperature dependence equation: 


(*) E (7 *) 
log |-=} = —~ [— ~- — 
72. 457 \T, Te 
Yor polymerized ionic melts (vhich may be defined as those ionized melts which 


readily form glasses, including the melts employed in glass technology) the equation 
becomes: 





B/T — 0.O017(E/T)? = 10 log » 


The viscosities of delute solutions have received considerable theoretical treatment. 
In dealing with viscosity data at great dilution, several functions are employed: 
The viscosity ratio (formerly known as the relative viscosity), 7/70, is defined as the 
ratio of the viscosity of a solution to that of a pure solvent. The viscosity number 
(formerly known as the reduced or intrinsic viscosity) equals (y — yo) /moc. The limiting 
viscosity number, [n|, then equals: 


qy ~ 70 
In] = L ~ 
oc) noc 





where 7 is the viscosity of the solution having a concentration equal to ¢ and ny is 
the viscosity of the pure solvent. Although the old system of nomenclature has been 
widely used, it ig not recommended, since the viscosities defined in the old system are 
not really coefficients of viscosity but consist of dimensionless numbers in the case 
of the relative and specific viscosities and a reciprocal concentration in the case of the 
intrinsic viscosity (12), 

Kinstein has shown that in the case of a suspension of rigid spheres, [yn] = 2.5, 
for concentrations by volume, ¢c,, measured in units of cubic centimeters of the spheres 
per total volume in cubic centimeters. This value is independent of the size of the 
suspended particles as long as all of them are spherical. For moderate concentrations, 
the viscosity number is approximately given by 2.5 + 14.1¢,. In the case of non- 
spherical particles, it is found that the viscosity number is greater than that pre- 
dicted by the above equations when Brownian motion is large enough to maintain 
an isotropic distribution of the major axes of the particles. For low temperatures and/ 
or high solvent viscosities, the Brownian motion is smalji, and the asymmetric particles 
tend to line up in flow. Under these conditions the viscosity number is less than the 
preclicted value. 

The Einstein viscosity relationship has been applied to many solutions and sus- 
pensions (19). In the case of model experiments in which tiny glass spheres were 
suspended in a viscous medium, the Einstein law has been verified. For sugar solu- 
tions, which were the first examples used to test this relationship, [7] was found ex- 
perimentally to be one and one-half times greater than the 2.5 value obtained by as- 
suming that the dissolved sugar was in the form of unsolvated spherical molecules. 
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This result has been explained by the assumption that a molecule of sugar absorbs and 
immohilizes » considershle amauut of water, which ought to be inchided in the volume 
concentration. Measurements on the eveep of concrete indieate that the particles of 
gravel dispersed throughout the hardened cement obey the Hinstein viscosity law very 
closely. 

The limiting viscosity number of polymers is used as the simplest measurement of 
their moleeular weight (see Polymers, Vol. 9, p. 967). The best known relationship 
betaveen viscosity and molecular weight is the Houwink Jaw (17): 


[| = KM* 


where M is the molecular weight, A is a constant usually lying between 104 and 107 
for concentrations measured in grains per milliliter, and a is a constant which usually 
lies in the range from 0.6 to 1.0, In the case of cellulose acetate dissolved in acetone, 
for example, K = 1.5 & 108 and « = 0.82 at 25°C. Tor mixtures, the average molec- 
ular weight obtained by the limiting viscosity number lies between o weight average 
and a number average, usually being quite close to the weight average. A munber of 
authors have proposed modifications and variations of the relationship between vis- 
eosity and molecular weight given above. Some of these equations are purely empiri- 
val, while others have been calculated theoretically. Since the constants in these 
equations are functions of temperature and the type of solvent, molecular weight 
meastirements are carried out in a specified solvent, usually at the room temperature 
of 20° or 25°C. In the case of polyelectrolytes, the viscosity number cannot be 
extrapolated to a finite number at zero caneentration unless a considerable amount 
of a simple salt is dissolved in the solvent. In salt solutions, polyelectrolytes can be 
treated similarly to nonionized polymers. 


COMBINED ELASTIC AND VISCOUS EFFECTS 


When the viscosities of Newtonian liquids are high (above approx. 10 poises), 
the materials hecome detectably rigid and exhibit: combined elastic and viscous be- 
havior. Thus, in the range of viscosity between approximately 10 ancl 104 poises, not 
only is a bull modulus measurable, but shear and Young’s moduli can be obtained 
by transient or vibratory measurements (80). For viscosities above approximately 
10!? poises, shear and Young's moduli are readily obtained, and indeed the problem 
lies in finding a ready way to measure the viscosity coefficient, 

For materials which show combined elastoviscous properties, the observed data 
can usually be fitted to a rheological model made up of a combination of viscous and 
elastic elements in series or paralle] with each other (7). One general type of linear 
model is depicted in Figure 2, along with plots showing stress-strain—time relationships | 
for the model. In the uppermost plot of Figure 2, a given stress is applied at time & 
and removed at timed; At % the same stress is again applied; but at time d; the direc- 
tion of the stress is reversed (from extensive to compressive), and the reversed stress 
is 1.5 times greater than the stress originally applied. ‘The resulting flow curve (the 
lower plot giving extension or compression vs. time) shows an instantancous elongation 
d, (commonly called mstantaneous elasticity) upon the application of the stress at times 
f, and t When the stress is released (at i) or reversed (at ¢;), the instantaneous 
elongation is immediately relieved or reversed. This instantaneous extension is at- 
tributable to element D in the model. If the clastoviscous model were to consist only 
of elements C and D, the extension due to flow in element C qould be linear with time 
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and should be added to the extension, d, due to element D. The flow due to C is 
denoted by ¢ and is not recoverable, as shown by the continuance of « from time ty 
through é and fs. The combination of clastic clement A damped by viscous element. 
B gives curvature bo the How curve from & to & and in dhe first pact of the region tags. 
The part of the total extension labeled a is aluributable to the elongation of the elastic 
clement A to the equilibrium length corresponding to the applied stress. ‘Phis equilib- 
rium length is practically achieved at time ta; and the period from & to é& is the time 
needed to extend the viscous element B. When the applicd stress is removed at time 
f;, the elastic element A gradually contracts aguinst the viscous element B to give 
an elastic after-effect known as relavation, creep, or delayed elasticity. 
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Fig. 2. An elastoviscous model and its behavior. Extension d is due 
to elastic element D, extension ¢ to viscous element C, and extension a 
to elastic element A damped by viscous element B. 


Just as the Hookian elastic element D gives an instantaneous elongation propor- 
tional to the applied stress (di/ds = 1.5), so the slope of the extension vs. time curve 
due to the Newtoniat element C is proportional to the stress. Thus, the dotted line 
denoting flow due to element C has a negative slope for the time beyond tf, which is 1.5 
times greater than the slopes between /, and ts and between & and bs. 

Tn the case of a model consisting only of elements A and B (this is equivalent to 
making C and D infinitely stiff), an interesting effect, often called rheological memary, 
van take place. When the viscosity of B and the modulus of A are large, the tempera- 
ture dependence of the viscous element will be very pronounced as compared to that of 
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the elastic element. Then at elevated temperatures, the deformations due to delayed 
elasticity will oceur quite rapidly, whereas they will be inappreciable or frozen in at 
lower temperatures. When such a substance is distorted while hot and then cooled, 
it will retain its distorted shape tntil it is again heated, whereupon it will regain its 
original unstrained form. 

This phenomenon of memory naturally may be considered more complex than 
indicated by the simple model above. It has been applied in a number of iustances 
of practical importance. Thus, in designing rounded vessels of odd shape, a plastic 
exhibiting pronounced memory was employed. A normally flat sheet of the plastic 
was formed into a miniature of the desired vessel while hot, ‘Then the shaped plastic 
sheet was cooled and cut into a number of pieces, which, upon being heated, flattened 
out. These flat segments were used as patterns for large sheets of steel, each of which 
had to be bent only moderately in order that they might be welded together to form 
the required vessel, 

The model shown in Figure 2 can be modified in several ways. Tor example, the 
elastic and viscous elements can be assumed to be non-Hookian or non-Newtonian, 
respectively. Also, various assumptions can be made as to the temperature depend- 
encies, irreversible changes, etc., of the elements. Some authors employ a large num- 
ber of elastic and/or viscous elements in linear models which, as a result, become con- 
siderably more couples than the one shown in Figure 2, This practice gives a num- 
ber of adjustable parameters, which allows a close fit Go experiments on various ma- 
terialy. A Gaussian distribution of viscous elements has also been used in a model, in 
order to fit relaxation data, Although there is relatively little published on the matter, 
considerable effort has been expended on the development of three-dimensiounl 
networks of viscous and elastic elements. A random network of interconnected springs 
has been the subject of some study, and clastic work hardening (see p. 742) has been 
explained in terms of the elements in this random spring model becoming more parallel 
to each other and to the direction of elongation upon stretching of the body. It should 
be noted here that a number of electrical analogies of mechanical models can be set up. 
These electrical analogs are especially useful in calculating the behavior of models under 
vibratory (or a.c.) conditions and in treating network models. 

Even in the description of highly non-Newtonian viscous or non-Hookian elastic 
behavior, models prove useful. They represent the simplest way of visualizing such 
complicated phenomena as delayed elasticity, cold flow, creep, relaxation, and the 
so-called memory phenomenon. 


NON-HOOKIAN ELASTIC EFFECTS 


Practical measurements of elasticity have led to the concept of an elastic or pro- 
portionality limit, above which Hooke’s law of proportionality no longer holds true. 
Tu many cases, the so-called elastic mit is defined as the region in which viscous effects 
become noticeable. Naturally, the extcnsion corresponding to such an elastic limit 
will depend on the duration of the experiment, Such nonideal behavior is explicable 
in terms of a model composed of ideal elements. However, there is another type of 
non-Hookian behavior observed in elastic systems. Thus, for materials such as rubber, 
the so-called elastomers, the elastic moduli are not constant but vary with the amount 
of extension, Soft vuleanized rubber, for example, exhibits a seventyfold increase in 
the ratio of stress to strain (Young’s modulus) as the extension is increased from 2 to 
about 12 times the original length. However, the amount of relaxation and cold 


RHEOLOGY 739 


flow is very small for this material, even for extensions near the break point. The 
elastic behavior of rubberlike substances has received considerable theoretical treat- 
ment (11,25). In general, it has been shown that the stress, S, on an elastomer in 


tension equals: 
S=cr [* _ (i) | 
l Al 


where Young’s modulus, by a somewhat different, definition than is given on p. 731, 
equals S/(Al/l); the absolute temperature is denoted by 7; Al is the total elongation 
and Cis a constant. 

The compressibility of crystalline solids changes with pressure, and the compres- 
sibility data are often given in the form AV/V = wP + BP*, However, the ainount 
of compression is always quite small. Even caesium, the most compressible crystalline 
solid studied to date, is reduced to only half its original volume by the highest pres- 
sures yet obtaincd (in the range of 2-5 & 10‘ kg./sq.em.); and most solids are changed 
only a few per cent in volume by such pressures. Therefore, a rather accurate measure 
of the volume of a solid at, any given pressure can be obtained from an average value 
of the bulk modulus over the pressure range of interest. 

There exists a considerable body of literature on the change of elastic properties 
with the duration of a coutinued or alternating deformation, Not only do the elastic 
constants change with time, but the rate of damping does also. When a wire is forced 
to vibrate for a considerable length of time, the rate of damping for free oscillations 
becomes much greater than it was for the same wire before being vibrated. After the 
wire has heen allowed to rest, the rate of damping decreases to nearly its original value. 
This effect is known as elastic fatigue. 


NON-NEWTONIAN FLOW 

Very appreciable deviations from Newtonian behavior are found for a large 
number of liquids. (Some authors have restricted the term liquid to Newtonian bod- 
ies and use the berm fluid for the non-Newtonian bodies. However, the term liquid is 
used here in the classical sense to cover all fluids other than gases.) In general, it has 
been observed that nearly all biological fluids, solutions of high polymers, and most 
colloidal dispersions, gels and sols exhibit non-Newtonian flow characteristics and other 
flow anomalies (17,22). These deviations from the Newton law of flow can be divided 
into two main types: (1) consistency curve deviations in which the equilibrium rate of 
shear is not proportional to the applied stress, and (2) variations with time of the ratio 
of stress to rate of shear under fixed experimental conditions, 

Consistency Curve Derivations. Consistency curves, which are plots of shear 
rate vs. stress, for all of the presently recognized types of idealized viscous bodies are 
shown in Figure 3 (20,23). The normal kquid was discussed under Newtonian Flow. 
The plastic liquid, for a rather soft plastic solid (Bingham body), exhibits no flow until 
a given stress, called the yield value, is reached; thereafter it flows like a normal liquid. 
Slurries of pure clay in water, such as kaolin in the concentration range of 20-60% 
solids, are good examples of plastic bodies. Pseudoplastic materials often have no 
yield value, but some examples with yield value have been described in the literature. 
Some pseudoplastic liquids exhibit consistency curves which rise almost perpendicu- 
larly at high values of the stress. In such cases an increase of several per cent in the 
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st¥ess can cause a several-fold increase in the shearing rate. Tixamples of pseudo- 
plastic substances are concentrated solutions of high polymers and many gelatinous 
materials, such as solutions of aluminum soaps in gasoline (napalin gels) @). In 
general, i, has been found that, when the molecular weight in a homologous series of 
compounds increases beyond an order of magnitude of about 101, the flow becomes 
noticeably non-Newtonian, usually being pseudoplastic. As in the case of pseudo- 
plastic liquids, dilatené liquids may or may not show a yield value. They behave in 
such a manner that a large increase in shearing stress at the higher rates of flow re- 
sults in only a small increase in shearing rate. Bome well-deflocculated colloidal slur- 
nies exhibit dilatant flow characteristies. Certain quieksands are also dilatant. 
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Fig, 3. Consistency curves. 





The four types of liquids described above flow in a streamlined or laminar manner. 
At very high velocities the laminar fow becomes turbulent for all liquids. ‘Then part 
of the energy due to the applied streys is used up in randomly directed flow, so that the 
consistency curve bends toward the stress axis. Although the shape of a dilatant con- 
sistency curve is superficially similar to a turbulence curve, the flow is laminar in the 
first case and agitated in the second. 

Some present-day authors, especially in the technological literature, still persist 
in reporting viscosities (coefficients of Newtonian viscosity) for non-Newtonian liquids 
without giving the corresponding rate of shear. This is a very confusing practice, 
since the measured apparent viscosity of such a liquid may differ as much as several 
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thousand-told when measured in one viscometer, ay compared with another exhibiting 
a considerably different rate of shear. Only a Newtonian liquid will give the same 
viscosity when measured in the two viscometers having different shear rates. A 
somewhat sinilar procedure is sometimes used by experienced rheologists for the pur- 
poses of recording and interpolating data (19). ‘This isto plot logarithm of the appar- 
ent viscosity coefficient vs. logarithm of the apparent rate of shear (or of the shear- 
ing stress) at the wall of the viscometer (either rotation, capillary tube, or other type). 
In such plots, having the logarithm of the apparent shear rate as the horizontal axis, 
a Newtonian liquid gives a horizontal line and pseudoplastic Hquids (and to a first 
approximation, plastic liquids) give straight lines with negative slopes Lying between 
0° and ~45° from the horizontal. The —45° line corresponds to solid friction in 
which the stress is constant and independent of shear rate. Dilatant liquids give 
straight lines having positive slopes lying between 0° and 90° from the horizontal. 
A inmathematical analysis (19) shows that, no matter what is the known or unknown 
rheological equation of the material wnder test, a plot of apparent viscosity against. 
shearing stress at the wall gives curves which are independent of the dimensions of 
geometrically simular apparatuses, provided that there is no slippage al the wall. 
These curves, however, may not be independent of the kind of apparatus used. 

Although the variations exhibited in consistency curves with change of tempera- 
ture have only been thoroughly investigated in the case of Newtonian liquids, the avail- 
able data seem to indieate that the temperature dependence is similar in type but can 
be considerably sinaller (even nil) in the case of the non-Newtonian liquids. The 
consistency curves of most dispersions exhibiting plastic flow are affected very little 
by changes in temperature. Some pseudoplastic liquids also show little or no change in 
their equilibrium flow curves with temperature (3). On the other hand, other pseudo- 
plastic gels show a pronounced thinning (corresponding to the sol-gel transformation) 
as the teinperature is raised. 

Simple Variations in Consistency with Time. The second general class of com- 
plex viscous flow phenomena embraces the time-dependent effects in which the fluid 
tends to thicken or thin under fixed conditions of flow. Reversible work softening is 
often called thixotropy and sometimes false-body, The term éiixotropy has been 
used very loosely in inuch of the technical literature to describe many deviations from 
simple Newtonian behavior. Because of this, the word should be explained or quali- 
fied in order to be used with clarity. In spite of the differentiation between thixo- 
tropy, false-body, ct. introduced hy Pryce-Jones, these effects are limped together 
herein (23). Reversible work softening is a phenomenon in which the stress at con- 
stant shear or the shear at constant stress diminishes with time. Like most physical 
rate processes, this work softening usually obeys a first-order differential equation, 
so that there is a logarithmic decrease of the dependent variable (either shearing rate 
or stress) with time. Upon standing, materials which soften reversibly regain their 
original consistency and can again be work softened upon the reapplication of shear. 
There have been mumerous attempts in the literature to differentiate between various 
types of work softening (for example, thixotropy vs. false-body) and even to relate 
pseudoplastic flow with thixotropy. These differentiations are for the most part 
rough classifications of work-softening materials into groups with widely different 
time constants for the decrease in consistency. Formally at least, a time constant 
near zero can be wade [Goodeve. (nentionéd in 22,23)] to correspond with pseudo- 
plastic flow, although such a treatment is probably unsound, 
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In most cases of reversible work softening, the difference between the original 
(unworked) stress and the equilibrium stress corresponding to considerable working 
of the material becomes greater as the rate of shear is increased. This effect, which 
has been called thixotropic breakdown with rate of shear (10), is responsible in great 
part for the so-called thixotropie hysteresis loop. In a rotational viscometer, it has 
been found that such a thixotropic loop results from going from » low to a high rate 
of shear and then back to the low, increasing and then decreasing the shear rate linearly 
with time. The area of this hysteresis loop, when obtained under fixed conditions, 
is used as a measure of the amount of thixotropy exhibited by the substance under test 
(10). Itshould be noted, however, that any of the time-dependent rheological anomal- 
ies will lead to a hysteresis loop, which should not be associated only with thixotropy. 
Printing inks, bentonite clay slurries, and many industrial products such as shaving 
cream, ketchup, and mayonnaise show such hysteresis loops. 

The opposite effect, that of reverstble work hardening, has also been found. This 
phenomenon appears to exhibit nearly all of the characteristics described for reversible 
work softening, except that the material thickens instead of thins. Tixamples of re- 
versible work hardening are found in some honeys, bitumens, and biological fluids. 
Again, reversible worl hardening and dilatancy have been classed together, although 
the relationship appears to be as tenuous as that between reversible work softening 
and pseudoplasticity, I¢ should be noted here that many pseudoplastic or dilatant 
substances do not exhibit hysteresis loops, and the ones that do can be shown. to ex- 
hibit work hardening, work softening, or 4 similar time-dependent anomaly. 

Both work hardening and work softening are often irreversible. This behavior 
in some gases is due to purely structural eatses aud in others to mechanically induced 
(or accelerated) chemical reactions with the environment or between constituents of the 
body in question. The well-known work hardening of mnetals ts an irreversible struc- 
tural change brought about by mechanical action alone. Another exainple of partially 
irreversible work hardening is found in the process of stretching nylon fibers during 
manufacture, so as to strengthen them. Ivreversible work softening is found in the 
case of many foods, and it has also been shown that high polymers can be degraded, wud 
thus softened, mechanically. 

Tt should be noted that liquids having a constant ratio of stress to rate of shear 
when flowing can also exhibit the time-dependent anomalies, such as reversible worl: 
hardening or softening. By the consistency curve criterion alone, these materials are 
Newtonian bodies, but some rheologists prefer to call them pseudo-Newtonian liquids. 

Miscellaneous Flow Anomalies, In addition to all of the various dow phenomena 
discussed previously, there are a number of complex effects which do not appear to 
consist of simple combinations of these phenomena (for example, simultaneous oc- 
currence of reversible work softening, pseudoplasticity, and elastoviscous effects). 
Aun example is achypyknosis, in which there is a transient increase or decrease in stress 
as the rate of shear is respectively raised or lowered (26,29), Another example of a 
flow anomaly not classified previously in this article is found in solutions of alhuninun 
soaps in gasoline which build up a strong elastic structure upon resting. This structure 
is destroyed when the material is distorted beyond a certain distance, but it will re~- 
build if the material is allowed to stand for a while (3). This effect is a type of work 
softening which occurs suddenly at a fixed amount of distortion. 

Another effect which demonstrated the existence of a firmly bound structure tying 
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some anomalous fluids together is Spinnbarke’t—the ability of certain materials, such 
as egg white and fresh semen, to form long strings when pulled out (6). 


Apparatus 


The measurement of elastic moduli is often carried out in destiny machines desigued 
for determining the strength of materials. Such machines are usually hydraulic 
machines in which the pressure applied by the pistou and the motion of the piston are 
both carefully recorded. These so-called static measurements are supplemented by 
dynamic measurements in which the test piece is subjected to an alternating motion. 

Auy physical system in which a restoring force is coupled to a part having inertia 
will oscillate wheu the part with inertia is removed from its point of equilibrium and 
then released, assuming tbat the frictional drag or damping resistauce to the oscilla- 
tion issmall, In this case, oscillation takes place by virtue of the restoring force pall- 
ing the moving part toward the pomt of equilibrium and the inertia carrying it beyond 
so that the process will be reversed. The frequency of this oscillation, called the natu- 
ral frequency, depends ou the strength of the restoring force and hence can be used 
to measure elastic moduli of a body. When the frictional drag is great, however, the 
equilibrium point will not be overshot, and the equilibrium position will only be ap- 
proached gradually. Such a system is said to he critically or more than critically 
damped; ancit will not oscillate freely. 

If a system having inertia and a restoring force is continuously caused to oscillate 
by the application of an alternating driving force, it is found that: (1) the amplitude 
of vibration of the system is equal to the input amplitude for very slow impressed 
oscillations, and (2) the amplitude of the system approaches zero as the frequency 
of the impressed alternations becomes very great. 

Between these two extremes, the amplitude of oscillation of the system reaches 
# maximuin value. At this point the system is said to be resonating with its driver; 
and for slightly damped systems, the resonance freqaency equals the natural frequency. 
Tor extremely high damping, the resonance frequency is less than it wowld be if the 
body were undamped. When the ratio of output to input amplitude at resonance is 
less than three, this frequency shift due to damping becomes noticeable. Although 
the exact value depends on the type of damping involved (for example, series or 
parallel), a modulus calculated from an uncorrected output frequency corresponding 
to a ratio of maximum output to input amplitude of 1.2 is approximately 3 times 
smaller than the real moduhis (30). 

For very hard materials, it is possible to compute elastic coustants from the musi- 
cal note emitted by a regularly shaped specimen when set into the proper mode of 
oscillation by rubbing or striking. Elastic constants of soft materials are usually 
obtained by subjecting the specimen to a continuous forced oscillation and measuring 
the resonance frequency. From the damping of the forced oscillations, some of the 
viscosity characteristics of the material can be calculated. By the use of such dy- 
namic measurements, the elastic properties of liquids having viscosities as low as ten 
poises have been obtained. 

Viscosity measurements (see Viscometry) are usually carried out in either a capil- 
lary tube (Poiseuille type) or a rotational (Couette type) viscometer (15). In a capil- 
lary tube viscometer, the rate of shear catinot be constant, for it is zero in the center of 
the tube and increases parabolically to a maximum value at the walls, the maximum 
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being determined by the applied pressure and the radius of thetube. Tnmostrotational 
viscometers, the fhuid under study ts retained in an annular space between two concen- 
tric cylinders, either one of which may he cased to rotate, while the torque on the 
other is neasured. When the annular space is narrow and the cylinders have large 
diameters, the shearing rate becomes essentially constant across the anmius. This 
state of affairs Is useful for the study of non-Newtonian flow and is an approximation 
to the constat shearing rate obtained between two parallel planes, one of which is 
moving in its plane. It has been shown that, when the outer cylinder is rotated, 
considerably higher angular velocities can be achieved without turbulence than when 
the inner cylinder rotates (4), In some units the applied torque is fixed, and the re- 
sulting angular velocity is measured. In rotational viscometers significant corrections 
have to be mace for the ends of the cylinders unless guard rings are employed. ‘The 
most precise measurements of the viscosity of Newtonian liquids, such us water—the 
viscosity standard—are made in eapUlary tube instruments. Although end corrections 
are also needed for capillary instruments, these corrections are more easily handled than 
are the corrections for rotational viscometers in the case of Newtonian flow. 

Although equations for non-Newtonian flow have been developed for both the 
capillary tube (5) and rotational (28) types of viscometer, it is usually advisable to 
earry out measurements on non-Newtonian liquids in rotational viscometers in which 
the diameter of the cylinders is large and the annular space is small. Then the rate of 
shear will be sensibly constant across the liquid, and the neasured shearing force will 
correspoud to a single rate of shear, rather than to a wide range of shearing rates. 

Since the rheological properties of many substances change with thne (or on 
measurement) and since for complex bodies the various rheological properties are 
interrelated, it is often desirable to make a number of sunultaneous determinations of 
viscous and elastic constants in a single device. Probably the most all-inclusive get 
of measurements can be obtained with the Sandvik-Goldborg viscometer (21), in which 

‘the resistance to flow between two concentric cylinders is determined by the deflee- 
tion of the inmer cylinder as a function of the rate of rotation of the outer cylinder. 
At the same time, the imer cylinder can be oscillated over a range of frequencies so 
that the elastic damping and natural frequency of oscillation can be obtained. Al- 
though measurements with this device have not been interpreted fully, the data ob- 
tained indicate that the elastic properties of soft gels depend on the gross rate of shear, 
aud that the damping resistance changes with the gross rate of shear in a different way 
than does the normally measured resistance to flow. 

A résumé of a few of the more common methods of measuring elastic and viscous 
constants is given in Figure 4. 


General Observations 


Since generalized rheology is a fairly new science, there is a considerable diver- 
gence of opinion as to the type of formal presentation which most clearly defines the 
subject. The physicist (18-20) prefers to postulate ideal bodies which can be treated 
by standard mathematical methods and which offer at least an approximation to the 
observed systems. This discussion is presented in such phenomenological tenns. 
On the other hand, there has been a tendency among chemists engaged in rheology 
to use qualitative descriptions (22), to develop new mathematical tools (23), and to 
associate macroscopic rheological observations with interatomic and intermolecular 
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attractions (for example, 9,11,13,25). This approach has led to some very interesting 
relationships, a few of which have alreacly been reported above. However, this ap- 
proach has not yet: been sufficiently formalized so us Lo serve as the basis of a general 
presentation. 

States of Matter. ‘he concept of solid, liquid, and gas is primarily a rheological 
classification, A solid is held to be a substance exhibiting, under any given conditions, 
a definite size and shape, neither of which are greatly altered by the application of 
deforming forces, such as gravity. A body of kquid, however, has a definite size but 
no fixed shape, being irreversibly deformed in the thermodynamic sense. A gas 
(deal or nonideal) exhibits neither definite size nor shape, tending to expand indefi- 
nitely unless restrained. According to the classical idealizations, a solid can be de- 
scribed hy the elastic moduli but does not show viscous flow; liquids and gases exhibit 
a bulk modulus, but uo other elastic constants, and they flow in a viscous manner. 

Although for a large nwuber of substances under standard conditions there is a 
sharp transition from solid to liquid to gas (corresponding to the nelting and boiling 
points) as the temperature is raised, conditions intermediate to solids and liquids have 
been described. Glasses and gels have been difficult to classify as either liquids or 
solids. It is believed by inany at present that glasses are simply liquids of very high 
viscosity and that, if sufficient time (> 10" years in many cases) were allowed, glass 
vessels would flow into unrecognizable globs (probably no yield value). Pseudoplastie 
gels are also to be classified as liquids. However, materials which exhibit yield values 
are solids below a certain applied stress and liquids above. According to the mast 
radical viewpoint, even crystalline solids could slowly rearrange in an infinite time by 
a self-diffusion process and hence act as liquids. 

The fact that some crystals composed of large, asyminctrical or polar organic mole- 
cules melt into optically anisotropic liquids (so-called smectic and nematic phases) has 
often been quoted in texts of physical chemistry as au example of an intermediate 
between solid and liquid (8). This implies that all liquids are isotropic because of 
their ability to flow, and hence reorganize into the most random configuration. Optical 
anisotropy in liquids, however, is not rare. The phenomenon of flow birefringence (4), 
in which liquids are made anisotropic by being subjected to shear, is well known, and 
in soe liquids it takes an appreciable length of time for the birefringence to disappear 
upon cessation of flow. An extreme example of this effect, is found when fibers of some 
synthetic polymers (plastics) are drawn. The asyminctric optical properties of glass 
under strain are also related to flow birefringence. Because of the extremely viscous 
nature of the latter tavo examples, the optical anisotropy that they exhibit can persist 
for many years. 


Applications 


When rheology is considered in its broad sense, it is apparent that there is hardly 
a field of human experience in which it does not play an important role, Even in its 
quantitative and theoretical aspects, rheology has numerous applications, some of 
which have been mentioned previously in this text. Primarily because of the efforts 
of a few individuals, rheological measurements, ospecially of nonideal and viscoelastic 
systeins, are becoming important methods for control and specification in a number of 
industries, (2). In the petroleum industry, rheological measurements are used in 
classifying oils, tars, and bituminous materials; and the rheological properties of 
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drilling inids—-vised in the drilling of oil wells for flushing and lubricating the bit—- 
are carefully controlled. The rheology of textiles and textile fihers has heen the sub- 
ject. of numerous studies, as has been the rheology of paints, printing inks, and ether 
coating materials. The plasties and rubber industries employ rheological measure- 
ments as process controls and as quality eriteria of their finished goods. Materials 
of construction and the constructions themselves are being tested by theological meth- 
ods more and more. For example, the velocity and damping of elastic waves set 
up by a mobile testing unit are used to check the condition of cement pavements. 
Tn food preparation, empirical and subjective rheological observations, such as the 
“buekyness” or slackness of a dough, have been traditionally used. During the last 
three decades, however, quantitative and semiquantitative methods are being em- 
ployed, especially in the dairy, milling, and processed foods industries. 

In practically every industry where modern, theoretically sound rheological 
procedures have been set up, the same historical pattern of advancement bas been 
followed. Tirst, there is the period of subjective observation in which a skilled in- 
dividual feels or inspects the material in question and intuitively reaches a conclusion 
concerning the pertinent rheological properties (23). Because of the lack of numerical 
data and the dependence on individual bias, the industry is inclined to substitute a 
test for an opinion based on experience. Usually the test is a single point measurement. 
unsuited for defining a complex rheological material such as a non-Newtonian or visco- 
elastic body (10). Tf the provisions of the test are properly chosen so as to correspond 
to practical conditions, the test may be quite satisfactory. However, even then, 
the test often is not really as informative as the subjective judgment which it replaced. 
On the other hand, a poorly conceived test. may classify a series of samples into an 
entirely different sequence than corresponds to practical conditions. 

Finally, a theoretically sound method of evaluation which takes into account all 
important, pertinent variables is introduced (2). Tt should be noted here that, the 
theoretically sound method need not necessarily be and, indeed, is often not any 
more complicated than a defective test for which it might be substituted. The litera- 
ture of rheology contains numerous references to the difficulties involved in replacing a 
poorly designed, empirical test with a well-grounded one (for example, reference 10). 
Tt appears that even thongh a number of advantages can he demonstrated for a new 
procedure, it is difficult to replace a well-entrenched test, especially one which through 
its defects has necessitated a paraphasic interpretation and has led to a considerable 
body of legend. 

Related Subjects. Although rheology treats only of the deformation of matter, 
it is closely related to the other formalized subjects which as a group describe the 
wmechanical properties of matter, These related fields are: (7) strength of materials 
in the broad sense which includes tearing, rupture of liquids, etc., (2) friction and abra- 
sion, (3) hydraulics and aerodynamics, and (4) some special topics in physical chem- 
istry, such ag surface tension and self-diffusion. The ultimate strength of some crystal- 
line golids has been calculated, but it has been found that the measured values are al- 
ways very many times smaller than the caleulated ones. Based on this fact, the con- 
clusion has been reached that all solid substances are full of flaws and imperfections. 
This is in accord with other studies such as x-ray diffraction and microscopy. Al- 
though some interesting attempts have been made to treat the imperfections and ir- 
regularities statistically, study of the rupture of crystalline materials still remains on 
an empirical basis. The rupture of liquids has also received some study. Newtonian 
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liquids, such as water, can be made to break, when free of dissolved gases, and this 
phenomenon has been treated theoretically. 

The recent work on supersonic flaw and shock waves in gases is of rheological 
interest, Under conditions of supersonic flow, compressibility becomes important, 
and the How pattern exhibits a simplicity similar to laminar rather than to turbulent 
flow. 

Although it has not been deali with here the rheoloyy of surface films has received 
considerable study. The compressibility of monomolecular films spread on water 
has been measured and indicates phase changes similar to the transitions found for 
matter in bulk. The flow characteristics and elastic moduli of such films have also 


been measured and, again, are similar to the behavior in flow exhibited by fluids in 
bulk (27). 
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RHODANINE, 8.CS.NH.CO.CH:. See [Tetervcyclic compounds, Vol. 7, p. 442; Thiazole 
dyes. Le 


RHODINOL. See Perfumes (synthetics and csolates), Vol. 10, p. 18. 
RHODIUM, Rh. See Platinum group metals. 


RHODOCHROSITE, MnCO;. See Munganese and mangancse alloys, Vol. 8, pp. 722, 
724, 


RHODONITE, MnSi0;. Sec Manganese and manganese alloys, Vol. 8, p. 722; Silica and 
silicates. 


RHUBARB. Seo Catharties, Vol. 3, p. 275. 
RIBITOL, CTLOH(CHOM);CHL_OH. See Alcuhols, higher polyhydric, Vol. 1, p. 323. 
RIBOFLAVIN 

Riboflavin (vitamin Bs, lactoflavin, vitamin G) is 6,7-dimethyl-9-(1/-p-ribityLiso- 


alloxazine — (7,8-dimethyl-10-(r7ho0-2,3 ,4,5-tetralrydroxypenty]isoalloxazine —(G.A.)) 
CryHeeNyOu (1), formula weight 376.36. 
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Like other members of the Vitamin B group, riboflavin takes part in a number of 
different enzyme systems. Two derivatives, riboflavin 5/-phosphate and riboflavin 
5/~adenosinediphosphate (flavin-adenine-dinucleotide) (IT) function as prosthetic 
groups (coenzymes) which combine with specific proteins (apoenzymes) to form the 
flavoprotein enzymes, a series of respiratory catalysts widely found in nature. (See 
Léenzymes and enzymology, Vol. 5, p. 741; Nueleie acids.) The structure of both co- 
enzymes has been confirmed by synthesis (3,40). 

Although Blyth first reported the isolation of a yellow-green fluorescent pigment 
from milk (actochrome”) in 1879, it was not until 1925 that riboflavin was subjected 
to a thorough examination, and eight more years of research were required before its 
identity with the growth factor then known as Vitamin By or Vitamin G was fully 
realized by Kuhn, Gyérgy, and Wagner-Jauregg. (See also Vitamins.) 


Physical and Chemical Properties 


Riboflavin ovcurs as a yellow to orange-yellow crystalline powder. When dry, 
it is not appreciably affected by diffused light, but in solution, especially alkaline 
solution, it deteriorates quite rapidly, particularly in the light. When placed in a 
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bath at 250°C. it melts with decomposition at about 280°C., if the rate of heating is 
5°C. a minute. The pure compound is slightly soluble in water, 5.5-33.3 mg./100 
ml., the variations in the solubility being due to differences in crystalline structure, 
and in absolute ethyl alcohol, 4.6 mg./100 mi. at 27°C.; it is sparingly soluble in amyl 
aleohol, cyclohexanol, phenol or amyl acctate, but insoluble in ether, chloroform, ace- 
tone, aud benzene. In nicotinamide solutions, riboflavin displays a relatively high 
solubility, which at pH 5 increases from about 0.1 to 2.5% if the nicotinamide con- 
centration is raised from 5 to 50% (80), The compound is amphoteric in nature 
with an isoelectric point at pH 6; its aqueous solutions are yellow and show a green 
fluorescence, which reaches maximum intensity at pH 6-7 and seems to be at least 
partly due to the imino group in position 3. 

While riboflavin is comparatively stable to reddish or orange light, visible or 
ultraviolet. irradiation of riboflavin in alkaline solution degrades the side chain, 
causing the formation of Iumiflavin (6,7,9-trtmethylisoalloxazine) (7,8,10-trimethyl- 
isoalloxazine (C.A.)), CH N.O, (III), whereas in neutral or acid medium the 
same treatment affords the blue Auorescent substance lunuchrome (6,7-dimethyl- 
alloxazine)(7,8-dimethylalloxaziue (C.4..)), CuHigN«O., TV). Lumiflavin was prepared 


Bs H 
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and characterized ly Ikuhn and associates (Germany) in 1938, while Karrer and 
associates (Switzerland) reported on lumichrome in 1934. 

When reduced by conventional methods (water, sodium hydrosulfite), ribo- 
flavin readily takes up 2 hydrogen atoms, giving rise to the colorless and nonfluorescent 
1,10-dihydro compound leucortboflavtn, which can be reoxidized to the vitamiu by 
shaking an aqueous suspension with air. Thus, there is set up an oxidation—reduction 
system of considerable stability (normal potential of —0.21 v. referred to the normal 
hydrogen electrode) which probably accounts for riboflavin’s physiological function. 


Assay Methods 


The fluorometric and microbiological assay methods are most commonly usecl 
for the determination of riboflavin, Tu, the first method, which is the U.S.P. identi- 
fication test, the intensity of riboflavin’s characteristic fluorescence spectruni (565 
My inaximuim at pH 6) is measured, comparison beg made with a standard such as 
pure riboflavin or fluorescein. While the fliorometric method is generally reliable, 
the presence of complex mixtures, as in foodstuff analysis, necessitates chemical pre- 
treatment. in the form of oxidation, reduction, or extraction. Over the years, it has 
been modified to suit different applications. A comprehensive review is given by 
Stiller (7). 

Apparently somewhat more specifie and reproducible is the assay based on the 
amount of lactic acid elaborated hy Lactobacillus helueticus, which requires riboflavin 
for growth (1). A more sensitive assay appears to be afforded by the use of Leuco- 
nostoc mesenteroides (0.0001 umg./ml. versus 0.02 ymg./m]. for L. helveticus) (4). 


RIBOFLAVIN 75 


Occurrence 


Riboflavin is widely distributed in plant and animal tissues, and it appears to be 
present im minute amounts in all plant and animal cells. The richest sources are 
filamentous yeastlike organisms, fermentation bacteria growing anaerobically, ecer- 
tain torula yeasts, and the liver, heart, and kidney of various animals. From a die- 
tary standpoint, liver, milk, and green leafy vegetables are considered to be the best 
sources. Seeds, unless germinated, have a very low riboflavin couteut. The ribo- 
flavin contents of various foods are given in Table I. (See also Cereals; Cotlonsced, 
Vol. 4, p. 586; Fash, Vol. 6, p. 563; Food, Vol. 6, p. 788; Afeat and meat produets, 
Vol. 8, p. 826.) 


TABLE I. Riboflavin Content of Various Foods. 





Riboflavin content, Riboflavin content, 








Food myg./ 100 eB. Food mg./LO0 g. 
Almonds. ii... 0... eee ees 0.5-0.8 Milk..............0.. 0.17-0.25 
Apple, raw... eee cee 0.02~-0.05 Peas, fresh green... ... 0.1-0.3 
Beans, sup or string... 2.2... 0.10-0.15 Pork muscle.......... 0.2-0.4 
Beef muscle... ,.......0... 0. 15-0.3 Potatoes. ....2....... 0.08-0.05 
Broccoli... 6 ee 0.15-0.3 Sugar, refined......... None 
Cabbage... eo... cee eee 0.05-0.3 Sweet potatoes........  0.05-0.1 
Cheese (Cheddar type). ..... 0.5-1.0 Tomatogs............. 0.03-0.05 
IMEBB ee eee 0.3-0.5 Turnips.. 6.2... 0.05-0. 10 
Kale. cece ces 0. 25-0. 4 Wheat, ontire......... 0.10-0.22 
Trivers oo. ees 2.0-4.0 Wheat germ.......... 0.6-0.8 


Source: reference (6), 





As to the actual form in which it occurs, riboflavin is found in the free state in 
milk, wine, and the retina and, in general, wherever no respiration or fermentation 
takes place. In most other places it is encountered as the mono- or dinucleotide, 
the latter being either free or as coenzyme, bound to specific proteins to give the flavo- 
protein enzymes, a list of which appears in Table IT (8). 








Engyme Souree Prosthetic group 
“Old? yellow cnzyme Bottom yeast Mononucleolide 
Nauthine dihydrogenase, aldehyde Milk; animal organs - Dinueleotide 
oxidase 
Liver aldehyde oxidase Mammalian liver Dinucleotide 
Fumuaric hydrogenase Bottom yeast, Dinucleotide 
i-Amino acid oxidase Rat kidney; liver tissue; bacteria; Mononucleotide 
snake venom 

p-Amino acid oxidase Animal] tissue Dinucleotide 
Glycine oxidase Kidney Dinucleotide 
Glucose oxidase (Notatin) Molds Dinueleotide 
Diamine oxidase Animal tissues ? 
Codehydrogenase oxidase I and IT _ ‘Dinucleotide 


Cytochrome reductase Yeast, Mononucleotide 
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Synthesis 


In 1934, Kuhn (10,15) and Karrer (11) independently completed their work 
elucidating the structure of riboflavin by establishing through total synthesis that the 
configuration of the pentose side chain corresponded to p-ribose, Schematically, 
Kuhw’s procedure (10,15) involves a reductive condensation of 6-nitro-3,4-xylidine 
(VI) (obtained by dinitrating o-xylene in the 4- and 5-positions and replacing one of 
the nitro groups by direct ammontation) with p-ribose (V) to afford the nitro com- 
pound (VII) which is catalytically reduced to the phenylenediamine (VIII) and then 
caused to react with alloxan (IX) in avid medium to give riboflavin (I) in 16% yield 
based on p-ribose. (See Scheme 1) 
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The p-ribose-based yield was increased through a modification by Karrer (18), 
whereby 3,4-xylidine (X) is condensed with p-ribose (V) or its tetraacetate to give 
N-p-ribityl-3,4-xylidine (XI, R = H or CH,CO); the second amino group is intro- 
duced by means of the diazonium technique to give XII, which may be either reduced 
to VOI and treated with alloxan (IX) in the manner of Kuhn, or treated with barbi- 
tune acid (XITI) to give riboflavin. The direct condensation of XIL with barhituric 
acid gives a 88% yield based on p-ribose. 
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Since 1934, many variations and refinements have been introduced in the general 
synthetic method of Kuhn and Karrer in order to adapt it to large-scale manufacture. 

Preparation of V-p-Ribityl-3,4-xylidine. In the first stage of the general process, 
o-xylene is efficiently converted to 3,4-xylidine by subjecting the intermediate 4- 
bromo-o-xylene to high-pressure ammonolysis (19). In the next step, while it was 
found that high yields of the key intermediate N-p-ribityl-3,4-xylidine (XI, R = H) 
could he obtained even with crude ribose (27), the necessity of finding a more readily 
available starting material led to the development of processes in which N-p-ribityl- 
3,4-xylidine is formed as the result of the interaction of 3,4-xylidine with ribose deriva- 
tives, originating from p-arabonic acid (XIV) or its calcium salt (obtained either by 
the alkaline oxidation of p-glucose (89) or from the fermentation product 2-keto- 
p-gluconate (86)). 

Generally, the arabonate is initially epimerized to the ribonate (XV) and the 
latter then converted to XT by one of several procedures. One route (338) involves 
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conversion of ribonie acid (XV) to the acid chloride (X.XJ) followed by a Rosenmund 
reduction which yields p-ribose (V). The latter is reduetively condensed with 
3,4-xylidine to give KI. By another method (81) p-riboualactone (XVI) is coupled 
with 3,4-xylidine; the resulting anilide (XVID) is then converted to the chloro imine 
(XVIII), which is catalytically reduced to XI. XI is also formed (82) by direct re- 
ductive interaction of p-ribonolactone (XVI) and 3,4-xylidine. By another procedure 
(16,18) p-ribonamide (XIX) is converted to ribonitrile (XX, R = CH;CO) which is 
condensed with 3,4-xylidine. (See Scheme 2.) 

In still another method (29) calcium gluconate is converted to p-arabinose and 
the latter coupled with 3,4-xylidine. The resulting D-arabinoside is converted to N-p- 
ribityl-3,4-xylidine through an Amadori rearrangement followed by reduction. 

In many of these and other (14) methods, tetraaceliylated intermediates are em- 
ployed. 

Synthesis of Riboflavin Nucleus. ‘Although N-p-ribityl-3,4-xylidine CxT, R’ = 
ribityl or tetraacetylribityl) can be made to condense with violuric acid (5-isonitroso- 
barbituric acid, alloxan 5-oxime) to give riboflavin directly (84), most procedures in- 
volve coupling XI with an aryl diazonium salt to form an azo-dye intermediate (XII, 
Ar = phenyl or p-nitrophenyl), in the mauner of Karrer. The conversion of XII to 
riboflavin may be effected either directly by condensation with barbituric acid (XITD) 
(20) or alloxantin (26) or via reduction to the phenylenediamine (VIII) followed by coup- 
ling of the latter with alloxan (IX) or 5,5-dichlorobarbiturie acid. (See Scheme 3.) 
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Biosynthetic Manufacture 


Riboflavin can be obtained biosynthetically by subjecting selected nutritive media 
to pure culture fermentation by a number of different microorganisms. Because the 
general process has been greatly improved, as evidenced by the many patents issued, 
this method now accounts for a substantial portion of total production. Much of the 
riboflavin produced by fermentation (q.v.) is consumed in the form of concentrate for 
animal feed supplements. | 

Three groups of microorganisms have been found to synthesize riboflavin in signifi- 
cant amounts: (2) bacteria of the butanol-acctone group, of which the chief repre- 
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sentative is Clostridium acetobutylicum; (2) certain Candida yeasts; and (3) the two 
closely related yeastlike fungi Eremotheetum ashbyti and Ashbya gossypit. Yields are 
usually expressed in micrograms or gammas (y) of riboflavin per milliliter of final 
ferment. 

The recovery of riboflavin from butanol fermentation residues (12) led to the de- 
velopment of methods for large-scale production of the vitamin-utilizing Clostridium 
acetobutylicum ATCC 4259 E McCoy (“strain R”). The general process (24) involves 
the preparation and sterilization of a suitable carbohydrate-containing mash—cereals, 
corn, rice, whey, and semisynthetic starch materials have all been successfully used— 
which is adjusted to pH 6-7 and buffered with calcium carbonate. Owing to the dis- 
covery (17,24) that iron in concentrations exceeding about 5 p.p.m. exerts a detri- 
mental effect: on the yield of riboflavin, fermentation is carried out in nonferrous or 
glass-lined vessels, or else iron-sequestering agents, Hke 2,2'-bipyridine, are added to 
the mash. Optimum iron concentration is reported to be between 1 and 3 p.p.m. 
Following inoculation with Cl. acetobutylicum, the mash is incubated at 37-40°C. 
for 2 to 3 days. During the course of fermentation, hydrogen and carbon dioxide 
are evolved and vented from the tank, while the mixed ethyl alcohol, acetone, aud 
butanol vapors are condensed and fractionally distilled. Several techniques are em- 
ployed for recovering riboflavin from the liquors: adsorption and elution of the ad- 
sorbate; butanol extraction followed by precipitation from the extract’ by means of 
petroleum ether; or addition of a reducing agent which produces a potential of between 
—0.300 and ~—0.650 v., thus precipitating most of the 1,10-dihydroriboflavin that is 
formed (22,23 28). Good reducing agents for this purpose are reported to be inorganic 
salts like sodium hydrosulfite or bacteria such as /. cold and 8. faecalis. Yields up to 
70 y/ml. have been reported for the Cl. acetobutylicum method (see also Vol. 6, p. 371). 

Another organism used industrially for fermentation riboflavin is the yeastlike 
fungus Hremothectum ashbyti (25,35), which is grown in a medium of proteinaceous 
materials, carbohydrates, and vegetable oil lipides, The mocnlated mixture is aer- 
ated and agitated for 50 to 90 hours at temperatures between 20 and 34°C., after which 
the final “beer” is heated for an hour at 60-120°C, to free the riboflavin from the fungal 
cells. By this method yields of about 500 y/ml. maximum have been obtained 
(25,85). A similar procedure, utilizing a substrate of a thin grain stillage containing 
0.5% glucose and 4% maltose, is claimed to afford yields in excess of 1600 y/ml. (41). 
The closely related fungus Ashbya gossypit (87,38) has given yields of over 1400 y/ml. 
in pilot plant operations, essentially similar to the M. ashbyti procedure, 

Processes employing several Candida yeasts have also been patented (21). The 
substrate consists of a sugar, nutrients and accessory materials, including phosphates, 
ammonium compounds, glycine, biotin, mineral salts, and trace elements. Wermenta- 
tion is allowed to proceed for a week in the dark at temperatures around 30°C, Yields 
are in the order of 250-300 y/ml. (Seealso Yeasts.) 


Production and Prices 


The production, sales, sales value, and unit value for riboflavin as given by the 
U.S. Tariff Commission are prescnted in Table III. Early in 1958, the price of erystal- 
line riboflavin was reduced to $100 per kilo from the previous quotation of $125. At 
the new level crystalline riboflavin was selling at about one-half of the price that pre- 
vailed during World War IL. Early in 1953, a typical supplement, containing 0.23 


756 RIBOFLAVIN 


g. riboflavin per pound of fermentation-dried solubles, was selling for 8¢ / Ib. in car- 
load lots ex-works. Riboflavin, U.S.P. grade, is available in glass bottles, tins, and 
fiber drums. 


TABLE II. Production of Riboflavin (Expressed as 100% Riboflavin) for Human, Animal, and 
Pouliry Consumption. 




















Year P -oduetion, Ib, Sales quantity, Lb. Unit value, § 
1952 236,000 1-41, 000 7,505 , 000 53.08 
1951 245,000 168,000 8,622,000 51.82 
1050 199,000 138, 600 7,426,600 53.58 
1949 160, LOO 116,700 6,881, 400 58.97 
1948 130,400 113,000 7,083,200 62.24 





Deficiency Symptoms and Toxicity 


A lack of riboflavin iu the human diet causes the formation of certain oral, cutan- 
eous, and corneal lesions, which together constitute the riboflavin deficiency syndrome 
termed ariboflavinosis (5). The essential features of the syndrome such as soreness 
of the lips, excoriations at the corners of the mouth (angular stomatitis), and magenta 
tongue had becn recognized as a sign of dietary deficiency long before the properties 
of riboflavin were known (2). Confirmation of the syndrome’s dietary origin came 
with the discovery that it could be cured by the administration of yeast, preparations. 
However, because the symptoms were frequently associated with pellagra, clear differ- 
entiation between the causes of these two conditions only hecame possible with the 
availability of essentially pure riboflavin. 

Human requirements of the vitamin have been estimated as approximately 0.6 
to 0.7 mg. per 1000 calories of food intake or as 2 to 3 mg. a day (the dose administered 
in clinical practice), in the free or phosphorylated forms, 

Toxicity studies show that no adverse effects are observed alter oral administra- 
tion of riboflavin to rats in amounts up te 10 g. per kg. body weight or to dogs up to 
2g. per kg. (9). Likewise, a daily oral dose of 10 ng. to rats or of 25 mg. to dogs over 
a period of four months did not provide any toxie symptoms. Intraperitoneally the 
LD, value for rats is about 560 mg. per kg. Death oecury in 2 to 5 days, owing to 
severe kidney damage. 


Uses 


The vitamin has gained large established outlets ti the pharmaceubical, food 
enrichment, -and feed supplement industries. Vor therapeutic purposes, U.8.P, 
riboflavii is administered orally in tablet form or by injection as a sterile aqueous 
solution, with niacinamide or other solubilizing agent added. It is also incorporated 
in all vitamin B complex and most multivitamin preparations. 

The practice of enriching flour and bread with iron, thiamine, riboflavin, and nia- 
cin to compensate for the loss of these nutrients that occurs in processing wheat origin- 
ated in 1941 as a voluntary undertaking on the part of millers and bakers. However, 
public acceptance developed to such an extent that by the end of 1942 three-fourths 
of all family flour and bakers’ white bread was enriched. At that time the Federal 
Government established definitions and standards of identity that must be met in 
order for certain cereal products to be properly labeled “curiched.” ‘These foods and 
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the corresponding Federal riboflavin requirements uve listed in Table IV (2a). Twenty- 
six states of the U.S. have the same enrichment requirements. (See also Nicotinic 
acid and nicotinamide; Thiamine.) 


TABLE IV. Riboflavin Requirements for Enriched Cereal Products. 





Riboflavin content, mg./lb. 








Product Min, Max. 
Enriched bread or other baked products.....0.00.00000- OT. ee eee 1.6 
Mnviched flour... ec ec ene eee | a 1.5 
Nnriched farina... 2... 00000000 cece cee cere eee Lig. eee. ~ 
Inriched macaroni products. .....0......0..0 00, cece ee Lee eee 2,2 
Mnriched noodle produets.....0. 0000000000 ccc hi Te vce c eee eee 2.2 
Amnriched corn meals... 0... 00 ec cee eee Lig. ee ee 1.8 
Enriched corn grits... 0... ces Lie. eee 1.8 
Timriched milled rice. 0... eee eee ® ® 





* Omitted in the U.S. and Puerto Rico but used in certain Far Eastern countries to a minimum 
level of 1.2 mg./Jb. 


Outside of the continental U.8., enrichment legislation has been adopted in Puerto 
Rico, Haivaii, the Philippines, Chile, Siu Paulo (Brazil), Denmark, Newfoundland, 
and Canada (1953). Enriched white bread or flour is also available on the retail 
market in Sweden, Belgium, Malaya, Peru, and Thailand. 

As a supplement to animal feeds, riboflavin is usually put in the mash in concen- 
trations of the order of 3 g. per ton. Most of the vitamin so consumed goes into poultry 
rations—about 50,000 lb. a year—and swine rations—about 25,000 lb. a year. The 
supplement of riboflavin improves the general health and growth of the animals and is 
also responsible for better poultry egg production and hatchability. Cattle and sheep 
do not require riboflavin supplements because they obtain the vitamin by bacterial 
synthesis in the ren. 


Derivatives 


Riboflavin 5’-phosphate (flavin mononucleotide, cytoflav), CyHaN,O.P, formula 
weight 456.37, is a microcrystalline yellow solid, mp. 195°C., [aJ§ = +445 
(2% solution in concentrated hydrochloric acid). On potentiometric titration with 
sodium hydroxide, a well-defined point of inflection is obtained at pH 4.5 upon the 
addition of exactly one equivalent of alkali; addition of a second equivalent of alkali 
affords another inflection point at pH 8.5. It is more soluble than riboflavin in water, 
and gels somewhat when added to water. The greater sensitivity of the phosphate 
ester to destruction by ultraviolet light necessitates careful protection of dilute solu- 
tions from exposure. Riboflavin 5’-phosphate may be prepared from riboflavin by a 
number of methods, among which treatment with chlorophosphoric acid (H,PCI1Os) 
seems to be the most profitable from the standpoints of yield and large-scale produc- 
tion (40), The procedure involves a rapid reaction of chlorophosphoric acid (readily 
prepared by treating phosphorus oxychloride with water) and riboflavin at ordinary 
temperatures with liberation of hydrogen chloride and formation of a homogeneous 
solution. The addition of ether to this solution causes the precipitation of a yellow 
solid which on hydrolysis and purification gives the phosphate ester. It is fully active 
biologically, microbiologieally, and enzymically. 
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Riboflavin 5’-phosphate is commercially available both as the monosodium and 
monocicthanolamine salts. The sodium salt is allegedly 100 times more water- 
soluble than riboflavin. In January 1953 its price was reduced from $175 to $140 
per kilo. The monodiethanolamine salt is claimed. to be 200 times more water- 
soluble than riboflavin; its aqueous solutions are slightly acid and the stability is 
approximately that of riboflavin, 

Riboflavin 5’-adenosinediphosphate (flavin-adenine-dinncleotide) CD, Carky3- 
NyOuP2, formula weight 785.56, was first isolated in 1938 from yeast, liver, kidneys, 
hearts, and muscles by Warburg, Christian, and Griese (Qa), who also determined its 
structure correctly, The structure was confirmed in 1952 by Christie, Kemer, and 
Todd (8), who suececded in synthesizing the compound. 

Riboflavin 5/-adenosinediphosphate is usually isolated as the barium salt, 
Cory BaNQisP2, in the form of small yellow spheres clustered ltke grapes. Ab- 
sorption maxima are at 445 my and 366 mp. The absorption curve is practically 
identical with that of riboflavin. There is some stronger absorption between 450 and 
510 mz resulting in aqueous solutious which are more red and less grecu than those 
of riboflavin, 
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RIBONUCLEIC ACID. Sco Nuclete acids. 

RIBOSE, CH.OH(CIIOH);CHO. Sec Carbohydrates, Vol. 2, p. 868; Riboflavin; Sugars, 
RICE. Sec Cereals; Feeds, animal. 

RICE-BRAN OIL. See Fats and fatty oils, Vol. 6, pp. 144, 147. 

RICININE, CyFgsN2Q.. See Albaloids, Vol. 1, p. 476. 


RICINOLEIC ACID, CH,;(CH:);CHOHCH.CH :CH(CH.),COOH. Sec Castor oil, 
Vol. 3, pp. 238, 248; Fatty acids, Vol. 6, pp. 176, 290. 


RM ACID, NH.(OHW)CwH;80;H. See Amino naphthols and amino naphtholsulfonic 
acids, Vol. 1, p. 734. 


ROCHELLE SALT, KNaCiH,05.41L0. Sce Cathartics, Vol. 3, p. 278; Tartaric acid. 
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ROCKET PROPELLANTS 


A rocket is a power plant that will convert the thermal cnergy of a chemical reaction 
into a high-velocity stream of gas molecules, which by the nature of their flow through 
a properly made nozzle will produce thrust in the opposite direction and give a forward 
acceleration to the power plant. A similar power plant designed to produce a supply 
of hot, high-pressure gas for operating a piston or a turbine is called merely a gas gener- 
ator. A rocket is vot an air-breathing engine, but carries with it an oxidizing agent 
as well as fuel; thus it ean travel through an inert atmosphere, or through space devoid 
of atmosphere. Its thrust is a demonstration of the principle of the generation of equal 
forces acting equally in opposite directions and is not the result of a push of gases 
against the atmosphere, 

Certain important characteristics differentiate a rocket from the related pulse- 
jets, turbo-jets, and ram-jets (see Fuels, jet propulsion). ‘These are: 

(1) The rocket carries its own oxidizer, as wellasfuel; the others carry only fuel, 
and take their oxygen from the air in flight. 

(2) The thrust per pound of fuel consumed in the rocket is relatively constant, 
although the thrust increases somewhat as the atmospheric pressure decreases; in the 
others, fuel/air ratios, and therefore the fuel/thrust ratios can be varied considerably 
at will. 

(3) The thrust per unit area of maximum cross section of the combustion chamber 
(or of the nozzle) is much higher in a rocket than in the others. 

(4) A very large amount of propellaut is required for the rocket. The ratio of 
combined. fuel-oxidant consumed to thrust is high in comparison with the ratio of fuel 
consumption to thrust of other jet propulsion systems, the difference bemg the oxidizer 
carried in the case of the rocket, 

(6) The conversion of energy in the rocket motor must take place in a more limited 
volume, and in a shorter time than in the other types of jot motor. 

(6) The rocket is the only engine that can propel itself through space above the 
atmosphere. 

The unreacted system of fuel and oxidizer in a rocketis called “the propellant,” 
If the materials of the system are liquids, they become a liquid-propellant system. 
If they are solids, in which case they must be intimately premixed, they are called a 
solid propellant, In a few instances the liquid system may be just a single liquid, 
in which case it is called a monopropellant. Obviously, too, solid propellants are mono- 
propellants. 

Liquid propellants appear to find their greatest usofulness in long-range missiles 
and in supersonic missiles where long burning times are desired, the motor must be 
small in comparison with the volume of propellant required, and the specific impulse 
must be high. On the other hand, one of their present major uses is to serve as per- 
manent jet-assisted-take-off installations, ‘These can be used repeatedly, and thereby 
the original cost of installation is not a serlous restriction. 

Where convenience, cost, simplicity of operation, necessity of rapid fire from the 
sane launcher, and short duration of thrust are predominantly to be considered, solid 
propellants appear generally to have tbe better position. They are extensively used 
for assist-take-offs of airplanes, boosters for rockets (which may in turn be powered 
with lquid-propellant systems), sustainers for rockets, and for short or intermediate 
range rockets, such as bazookas, and antiaircraft missiles, 
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History 


The Chinese ave thought to have invented rockets at an early though not well authenticated 
date, and there are many historical records of their use in warfare (see also Pyrotechnics). However, 
even up to World War I, they were only poorly developed by modern standards, and the propellant 
throughout this long history was always some form of black powder made of potassium nitrate (about 
60 parts), sulfur (about 15 parts), and charcoal (about 25 parts). 

The classical rocket studies of Dr. Goddard began in 1909, and in 1919 his paper “A Method of 
Reaching Extreme Altitudes” was published (2). Much of his work was with liquid propellant sys- 
tems, particularly gasoline and liquid oxygen. He also contributed the idea of using liquid hydrogen 
and liquid oxygen as the propellant for an interplanetary rocket, as well as the construction of sucha 
rocket on the multiple-step-rocket principle. For shorter-range military rockets, he was the first 
person to experiment with double-base solid propellants (see Vol. 6, p. 84). The German army recog- 
nized the militury potentialities of the liquid-propellant rocket, and developed, at Peenemunda, the 
V-2 rocket, which appeared in 1944; the propellant was aleohol (mixed with some water) and liquid 
oxygen. 

In the U.S., the Guggenheim foundation supported Dr. Goddard’s wark at a laboratory in New 
Mexico, and in 1986 there was established the Guggenheim Aeronautical Laboratory at California 
Tnstitute of Technology (GALCIT) which developed the asphalt — potassium perchlorate solid pro- 
pellant. 

Other developments included the German “Wassorfall,” an experimental guided missile using 
nitrie acid with the self-igniting fuel vinyl isobutyl ether, the American “Lark” and “Wac-Corporal,” 
which employed the nitric acid —aniline~furfury] aleohol system, and the uncompleted “Taifun,” a 
Viquid-propellant antiaircralt missile designed to exhibit greater accuracy than the small solid- 
propellant rockets. 

Nearly all of the military rockets used in World War IT were propelled by double-hase solid 
propellants. These were mixtures of nitrocellulose, nitroglycerin, and a “stabilizer,” the latter being 
nearly always V,N’-diethylcarbanilide (ethyl centralite). The Germans frequently substituted di- 
ethylene glycol dinitrate for the uftroglycerin. The sensitivity of the burning rate of double-hase 
propellant to changes in temperature and pressure hindered its universal application and the search 
for materials that would be less sensitive in these respects and that would be easier to manufacture led 
to the work in the U.S. on asphalt binders containing potassium perchlorate oxidizer; however, the 
tendency of the asphalt to flow under its own weight was a serious drawback. These early difficulties 
resulted in the search for other “composite”? mixtures made with stronger and less thermoplastic 
binders, and for improved double-base mixtures having burning rates less sensitive to temperature 
und pressure, 

Lute in World War TI attention was again given to iquid-propellant rockets, especially for 
“assist-tuke-offs” of airplanes. The oxidizers in these bipropellant systems were either liquid oxygen, 
hydrogen peroxide, or fuming nitric acid. The fuels were gasoline, alcohol, and aniline or ethy) aniline. 
Since that time, both solid and liquid propellants have had extensive and well-established uses. 


General Principles 


Since large volumes of gas molecules moving at high velocity are the source of the 
thrust of a rocket motor, the problem of selecting a propellant system is that of choos- 
ing materials which, for the lowest weight and volume, will supply the most energy 
in an exothermic chemical reaction, in order to comply with the limits of space and load- 
carrying capacity of the rocket vehicle. For practical reasons many other properties 
of the propellants are considered, not the least of which are the availability, stability, 
safety, and ease of handling. 

One of the most important characteristics of a propellant system is its performance 
index or specific impulse (Isp). This is the amount of thrust in pounds that can be 
obtained per pound of propellant consumed per second. (It is the reciprocal of the 
specific propellant consumption (W,p) which indicates the pounds of propellant consumed 
per second per pound of thrust.) Since the aimsis to get as much thrust as, possible 
per pound of propellant: burned, a high value of J, is normally desirable. . 
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The important term in the equation defining specific impulse (see below), whose 
modification within possible limits most greatly influences the value of the specific 
impulse, is the square root of the absolute temperature divided by the square 
root of the average molecular weight of the exhaust gases, \/7'./ V/M. To obtain 
the maximum conditions of operation, it is necessary to produce the highest possible 
temperature in the reaction chamber and the lowest possible average molecular weight 
of the exhaust gases. . 

Specific Impulse and Thrust. In the expansion of gases through nozzles to pro- 
duce thrust, the two most important factors involved are the momentum of the ejected 
gas and the force which results from the condition that the gas pressure at the exit 
of the nozzle may be different from that of the surrounding atmosphere. The first, 
‘effect is by for the more important. Therefore, in evaluating fuel — oxidizer combina- 
tions, it has been assumed that they may be compared on the basis of the momentum 
of the ejected gases. This has led to the adoption: of specific impulse as the standard 
of comparison. This choice has been confirmed by experimental results which have 
shown that for a given design of rocket, the overall efficiency of the fuel system which 
may be thought. of as proportional to the range in miles of the missile per pound of fuel 
consumed, is approximately proportional to the square of the specific impulse. This 
means that a small increase in specific impulse can result in an appreciable 1mprove- 
ment in range. . 

The expression for specific impulse (/;,), and the equations which lead to it are 
as follows (Ft = total impulse in Ib.-sec. and F = me/g): 


Ly = Fi/W = F/m = e/g 
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where 7,, = Specific impulse, pounds of thrust per pound weight of propellant burned per second. 
F = Thrust, lh. 
t = Duration of thrust, due to burning, see. 


W = Total weight of propellant, lb. 
m = Weight of propellant burned per second, lh. /sec. 
¢ = liffective exhaust velocity of propellant gases, ft./sec. 
= Actual exhaust velocity of propellant gases in the case of rockets (but not for air-breath- 
ing jets), ft./scc, 
g = Acceleration due to gravity, ft,/sec.? 
&! = RA = Universal gas constant, 1544 ft,-Ih;/(lb.-mole)( °F.). 
& = Gas constant per pound weight of propellant gasvs, ft.-lb./(Ib.)(°F. ). 
f, = Combustion chamber temperature, °R. : 
Af = Average molecular weight of propellant gases. 
Y = ¢,/¢y 
cy = Heat capacity of pr opellant gayes at constant pressure, Btu. Jb) CPF, 
t, = Heat capacity of propellant gnsea at constant volume, Btu0./(t “E.) 
pv, = Pressure of propellant gases at nozzle exit, pis. 
De = Pressure of propellant gases in combustion chamber, p.s.i, 
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In order to obtain a high level of performance of a propellant system it is necessary 
to have: (/) high heat of reaction per unit weight of total propellant (oxidizer plus 
fuel); (2) a Jarge increase in volume of gas during the reaction per unit weight of 
total propellant; (8) a low value of y of the reaction products; and (4) a high density 
of propellant, whether solid or liquid. 

The specific impulses of liquid-propellant rockets operating at about 300 p.s.i.a. 
are largely within the range 370 pound-seconds per pound for the hydrogen-fluorine 
system down to about 225 for the methyl alcohol — liquid oxygen system. The values 
for solid propellants ure generully lower, and cover the range 230 pound-seconds per 
pound for nitrocellulose-nitroglycerin systems down to about 170 for composite pro- 
pellants containing potassium or ammonium nitrate. 

The theoretical optimum performance would be attamed by exhausting atomic 
hydrogen at a very high temperature; but atomic hydrogen does not exist in appreci- 
able quantity below 2400°K. at 20 atm., and becomes important only above 3300°K. 
Harnessing a thermonuclear reaction to heat ydrogen to about 10,000°RK. would give 
a very high exhaust velocity, sufficient to enable a missile to escape the earth's gravi- 
tational field. However, under present circumstances rocket propellant systems are 
being based upon chemical reactions with lower energy outputs; although still suf 
ficiently high as to try the skill of the engineer to the utmost. In general, the 
feasible reactions are oxidations, and the propellants include a fuel and an oxidizer 
(quite often within the same chemical nolecule, and often intimately mixed as in solid 
propellants, but still a reaction occurs which involves the concepts of oxidation—re- 
duction). 

A propellant system, then, will consist of two components, oxidizer and fuel, which 
react giving gaseous products and releasing energy. Using the criteria thus far estab- 
lished, there will be required of (he propellants: ({) minimum molecular weight in the 
gaseous products, and (2) maximum energy release in the reaction. Practically, it 
is also necessary to contain and handle the propellants and their products, so that the 
rocket propellants actually in use are a compromise among these various character- 
istics. , 

Oxidizers, As oxidizers for the fuels, oxygen is of course the most important. 
Chlorine and fluorine can also be considered as possibilities. The oxygen may be 
combined with hydrogen, nitrogen, or sulfur, or with the halogens, and the halogens 
may be combined with each other. If the resulting combination is an acid, it can be 
used as a salt if a sold material is desired. 

Of the liquid forms of oxygen-containing compounds for use in liquid-propellautt 
rockets, the important ones are liquid oxygen, red fuming nitric acid (REN), white 
fuming uitric acid (WEN), a mixture of fuming nitric and sulfuric acids, aud hydrogen 
peroxide. There is not a great deal of difference in their efficiency of operation. 
Liquid oxygen is slightly better than the others. Other liquid oxidizers such as liquid 
chlorine or fluorine, fluoriue oxide, chlorine oxide, or the fluorides of chlorine and bro- 
mine present serious toxic hazards and handling difficulties that greatly discourage 
their use, to say nothing of the undesirably high molecular weights of the gaseous re- 
action products of bromine with all fuels and of chlorine and fluorine with carbon. 
Liquid nitrogen tetroxide, NoQu., is alyo an effective oxidizer, Ozone and tetranttro- 
methane, while rich in oxygen, present considerable handling difficulties. 

The solid oxidizers include a number of inorganic salts such as sodium nitrate, 
potassium nitrate, ammonium nitrate, potassium perchlorate, and ammonium per- 
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chlorate. These have all been used in solid-propellait rockets, although the sodium 
and potassium salts produce objectionable white smoke through formation of sodium 
or potassium oxide or chloride. 

Fuels. Since the use of atomic hydrogen is at present impracticable, liquid 
hydrogen used in excess might be considered the best fuel for use in a rocket motor. 
But for its exceedingly low boiling point and very low density, which makes it a bulky 
material to transport aboard the missile, it would undoubtedly be the preferred fuel 
for liquid-propellant rockets. 

The desire to carry as much fuel as possible in a given storage space makes the 
fuel density an important factor in comparing fuel systems. The density factor can 
be included in the equation of merit by multiplying the specific impulse by the average 
density of the unburned propellant system (fuel plus oxidizer), to give a value which 
is referred to as the density impulse (Ig = I,y X d@). (More accurately “d” is specific 
gravity, which is approximately equal to the density only in the ¢.g.s. system.) 

Hydrogen itself at room temperature does not possess the energy which would 
create thrust. It must be heated under confinement to o high temperature in order to 
generate the necessary pressure, and this is accomplished by oxidizing a portion of it 
to form steam. Since liquid hydrogen is difficult to handle, an obvious alternative 1s to 
select as the rocket fuel another element of low atomic weight that can be oxidized to a 
product that is gaseous at the temperature of reaction. Or better still, as much hydro- 
feu as possible may be combined with another element to produce compounds less 
volatile than hydrogen (they may be liquid or solid) but of higher density, that will, 
on oxidation, generate gaseous products of low molecular weight. Reference to the 
periodic table shows that only a few of the elements need be considered for combina- 
tion with hydrogen. They are: 


Wlement........ Li Be B Cc N Na Mg Al Si 
Atomic wt....... 7 9 11 12 14 23 24, 27 28 


All of these elements except nitrogen are solids that will combine with oxygen with the 
liberation of large amounts of heat. Two of them, lithium and sodium, have low 
enough melting points that they could be used in liquid form. The rest could con- 
ceivably be usec in solid form. But the oxides of all but boron and carbon are too 
high-boiling to escape from the nozzle completely in the gaseous form, and in any event 
most of the others have molecular weights that are undesirably high. The hydrides 
of this list of elements vary from liquefiable gases to solids. They all burn with much 
liberation of heat, but only the hydrides of lithium, boron, carbon, nitrogen, and alu- 
minum can be considered even potentially useful as fuels, and practically, only the 
hydrides of carbon and nitrogen can be considered as having widespread usefulness. 
The two hydronitrogens considered are ammonia, NHs, and hydrazine, NeHy. The 
hydrides of carbon, that. is, the hydrocarbons, are not only numerous in type, but are 
available in quantity. They are also subject to numerous modifications by replacing 
some of the hydrogen atoms with other elements such as oxygen, nitrogen, or chlorine, 
or combinations of these, to produce liquids and solids that display a wide range of 
stabilities and heats of reaction with oxygen, and that serve various necds ag rocket 
fuels, as is indicated later. 

Products of Combustion. Where fuels and oxidizers containing carbon, hydro~ 
gen, oxygen, and nitrogen are used, the products of combustion may include TH, He, O, 
O02; OH, H20, CO, COz, N, Nz, and NO. If halogens are also present, then there may be 
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in addition, Cl, ClO, I, Br, HF, HCl, and HBr. If metals or metal salts are present: 
in the propellant, then there can also be present in the combustion products the oxides 
and halides of the metals. What the chemical equilibria among all of the possible 
products are at the high temperatures of the combustion chambers, and how they vary 
with temperature are known with varying degrees of accuracy. It appears that all 
reactions (including dissociation of diatomic and triatomic molecules) reach equilibrium 
ia few milliseconds or less at 5000°F. or above; there is less certainty for the range 
3500-4500°F, Generally, the combustion gases will have had time to reach chemival 
equilibrium before they leave the combustion chamber. ‘There is serious question, 
however, whether the combustion products maintain thermodynamic equilibrium dur- 
ing their expansion between the throat of the nozzle and the nozzle exit, when the 
combustion chamber temperature is above 4000°F. The time available is only about 
0,05 millisecond and this may not, be sufficient to establish either chemical equilib- 
rium or au equilibrium distribution of translational, vibrational, or rotational energies 
within the gas molecules. To the extent that equilibrium has not been established the 
temperatiue of the exhaust gases would be lower and their velocity lower than other- 
wise. 

Reaction Chamber Temperature and Pressure. The reactions of metals with 
cither oxygen or fluorine give exceedingly high calculated reaction temperatures. 
For instance, the reaction between boron and liquid oxygen at 300 p.s.i.a. gives a value 
of nearly 22,000°F., although there may be considerable error in this calculation. 
Reaction chambers and nozzles will not stand such temperatures. They will not even 
stand for very long the temperature of 6250°F. obtained from burning two moles of 
hydrogen with one mole of oxygen at 1500 p.s.ia. Generally the propellant carries 
an excess of fuel over oxidizer so the reaction gases may be rich in hydrogen and carbon 
monoxide. This materially lowers the temperature and to some extent, therefore, 
the efficiency, but it also lowers the average molecular weight of the hot. gases, which is 
a partially compensating advantage. 

Since the value of + does not vary greatly from one fuel to another, being generally 
in the range of 1,2-1.4, the ouly effective methods of increasing the specific impulse 
are either to increase the chamber temperature or to decrease the average molecular 
weight; of the combustion gases. Liquid propellants mostly are reacted in the tem- 
perature range of 2000°F. (decomposition of hydrogen peroxide) to 4500°F., at pres- 
sures between 300 and 1500 p.s.i.a. Solid propellants are operated in the temperature 
range of 8000-5500°F., and mostly at pressures between 1000 and 2000 p.s.i.a. 

The temperature limitations of rocket motors, then, throw the rest of the burden 
of inereasing the specific impulse onto lowering of the molecular weight of the com- 
bustion products. In present propellant systems the exhaust gases have average 
molecular weights of about 20. Enrichment with hydrogen is the most feasible 
method of reducing this vatue. 

While the maximum heat in burning a hydrocarbon with oxygen is produced 
when all of the carbon is burned to carbon dioxide and all of the hydrogen to water, this 
complete combustion gives a lower value of y of the combustion products. Since the 
thermodynamic efficiency, 7, a8 given in the equation: 


a) (y-D/y 
a=j]-— (= 
0 (F 


is lowered, for lower values of y, a higher value of y would. be preferred. A higher ex~ 
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pansion efficiency is actually obtained by burning the carbon only to carbon monoxide, 
and only a part of the hydrogen to water. (I, may be noted in this connection that a 
low y favors high exhaust velocity while a high y favors high thermodynainic efficiency, 
an irreconcilable situation.) 

Rate-of-Burning Law for Solid Propellants. ‘ho rate of combustion reactions is 
increased by increasing the pressive on the reacting materials. In the case of liquid 
propellants, pressure is of less importance than the rate at which the liquid streams of 
fuel and oxidizer can be mixed together. But in the case of solid propellants where the 
solid ingredients are not susceptible to further mixing until they decompose into gases, 
the pressure in the burning chamber influences the burning rate to an important de- 
gree. The rate can be measured as pounds of propellant consumed per second per 
square foot of burning surface, or as inches per second at which the burning surface 
recedes in a direction perpendicular to the surface. In the latter case the rate soon 
ufter ignition reaches an equilibrium value that is expressed satisfactorily for most 
propellants in the pressure range of 1000 to 4000 p.s.i. by the empirical equation: 


7 = ape 


where ris the rate of burning, in./sec.; @is a constant whose value depends upon the 
propellant, the units used to measure p,, mid the initial temperature of the propellant; 
Dd: 18 the pressure In the combustion chamber, p.s.i.a,; and ” is the burning-rate ex- 
ponent characteristic of the propellant. The lower the value of 7, the less sensitive 
the burning rate is to changes in pressure; a low value is generally desired. Practi- 
eally, for different propellants, it lies in the range of 0.3-0.9, the higher valucs being 
characteristic of the double-base propellants (nitrocellulosc-nitroglycerin). Tt must 
not be greater than 1.0 for then there is insufficient automatic control of the burning 
rate and even moderate-sized grains can build up a chamber pressure which will rupture 
the motor. 

Theoretical Performance Calculations. After the rates and equilibria of all 
possible chemical reactions involved in combustion, as influenced by temperature and 
pressure, and the deviations of the combustion pases under operating conditions from 
the thermodynamic properties of the ideal gas have been deterniined, it is possible to fit 
the values into a series of approximately correct equations which yield “calculated 
values” of combustion-chamber temperature and pressure, exhaust velocity of the 
combustion products as they leave the rocket nozzle, and specific impulse of the pro- 
pellant. Because of heat losses, loss of unburned material through the nozzle, and 
some inexactness of the thermochemical data, the ealculated value of the specific m- 
pulse is generally about 10% higher than the measured value. Greater detail on these 
calenlations can be found in references (4,8). 

The Rocket Motor. In the case of Hquid-propellant rockets (Fig. 1), the com- 
bustion chamber is generally quite small in comparison with the size of the fuel and 
oxidizer tanks. The pressure in the combustion chamber during the reaction can be 
controlled by the rate of addition of fuel and oxidizer, and is generally in the range of 
300-1000 p.s.i.a. The fuel and oxidizer are forced into the motor against this pressure, 
either by pumps or by applying gas pressure to the storage tanks, The inlet streams 
may be roultiple, and are generally designed to impinge upon each other or upon a 
splash plate. They may be self-igniting, or may have to be ignited with a spark. If 
desired, the motor can be operated intermittently, 

In the case of solid-propellant vockets, the fuel and oxidizer are premixed and 
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formed into solid “grains” (see Pigs. 2 and 3). One or more grains are placed i the 
motor case before the nozzle ix attached. The grain may he devoid of openings, 
but more frequently is designed with one or more longitudinal holes through it to in- 
crease the burning surface. It is apparent that the combustion chamber is also the 
storage chamber and must he designed to withstand the full operating pressure, which 
is generally intended to be constant for a particular motor aud may be in the range of 
500-5000 p.s.i.a. In most cases the solid-propellant charge is intended to burn com- 
pletely, but burning can be interrupted, or at least made ineffective, by providing the 
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Fig. 1. Schematic diagram of liquid bipropellant motor. 


combustion chamber with a blow-out disk that can be ruptured at will by « built-in 
charge of high explosive. It is uot possible, however, to quench and then re-ignite 
the solid propellant. se . 

Solid propellants are confined to sizes and types that have burning times of about 
one-half second to about fifteen seconds. Solid-propellant rocket motor chambers 
and nozzles are generally not cooled, Liquid-propellant rocket motors operate in 
overlapping time ranges such as (1) up to 30 seconds, (2) up to 5 minutes, and (3) 
for several hours (not necessarily continuously).. In some cases the first class need 
not be cooled. The others must be, The cooling generally involves circulating the 
incoming fuel or oxidant, if it is sufficiently thermally stable, through tubes in or around 
the nozzle and combustion chamber walls. Water-cooling can be used if necessary, 

_the water finally being admitted to the motor chamber. . 
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Liquid Prepellants 
PTUELS FOR BIPROPELLANT SYSTEMS 


Liquid Hydrogen. But for its low density and low boiling point, liquid hydrogen 
would be the outstanding liquid fuel for rockets, Even with these handicaps tt could 
be useful either to send large rockets outside the earth’s atmosphere, or to give a high 
thrust to smaller rockets. The boiling point, —423°F., is so low that it cannot be 
stored economically for more than two or three days. It is completely nontoxic, 
but is a tremendous fire hazard since, as a gas, it burns over such a wide range of mix- 
ture ratios with air, Its density at ~423°F. is only 0.07. 

Hydrogen exists in two forms which are in an equilibrium that shifts with the tem- 
perature. At room temperature it is about 75% ortho and 25% para. At equilib- 
rium at —423 °F. it is 0.3% ortho and 99.7% para. When hydrogen is condensed to 
a liquid, the change from ortho to para takes place over a period of several days, and 
cnough heat is liberated during the conversion to evaporate it completely. Provision 
must be made, therefore, to absorb this heat. Pumping also presents a problem be- 
cause of vapor locking due to the continuous evaporation of the liquid hydrogen, and 
because the low temperature affects the brittleness of pumps and pipe lines. It ean be 
transferred fairly well in pipes under inert gas pressure. 

Liquid hydrogen - liquid oxygen propellant in 2:1 molar ratio has the highest, 
specific impulse, about 360 pound-seconds per pound of propellant at 1500 p.s.i.0. reac- 
tion chamber pressure, of any system available at present. Under these conditions, 
the exhaust velocity of the steam molecules formed in the combustion is about 11,600 
feet per second. Because ot the rapidity with which equilibrium is established in the 
reaction, this system performs experimentally within 2-5% of the theoretical specific 
impulse. 

Hydrocarbons. Aliphatic hydrocarbons from petroleum (gasoline, kerosene) are 
the cheapest and most abundant liquid fuels for rockets. The simpler aromatic 
hydrocarbons (benzene, toluene) are also abundant, have higher densities, and in 
general give more thermal energy per pound on combustion so that they produce some- 
what more thrust per pound of fuel. Aliphatie hydrocarbous, from the standpoint 
of structure and heat of combustion, could be expected not to differ appreciably one 
from another in the energy they could contribute to a jet: motor. Unsaturated hydro- 
carbons which are endothermic (that is, which have negative heats of formation) will, 
of course, liberate this heat during combustion and contribute to higher exhaust veloci- 
ties. The highest calculated value of specific impulse for a hydrocarbou burned with ox- 
ygen is for diacetylene, HC==CC==CH, which gives 271 pound-seconds per pound. This 
is the highest that can be expected from any carbonaceous fuel burned with liquid 
oxygen at 300 p.siia. A more usual value (that for normal octane) is about 240 
pound-seconds per pound. 

Practically, the choice of a liquid hydrocarbon for use in a rocket is based largely 
on availability and cost, and on this basis a petroleum hydrocarbon in the gasoline- 
kerosene range is the preferred material. Hither liquid oxygen or fuming nitric acid 
is used with it as the oxidizer. Whenever the latter is used, practically all of the nitro- 

gen in the acid, under proper burning conditions, appears in the combustion products 

- as nitrogen gas. 
Methyl and Ethyl Alcohols. These alcohols have been used both in air-breathing 
jet motors and in rockets. They are made in large quantities, but cannot compete 
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with petroleum hydrocarbons in either quantity or price. In comparing hydrovar- 
bons with alcohols, the former, which have heats of combustion that are about twice 
as high, might be thought to have the higher specific impulses. But in a jet motor, the 
reactions being essentially adiahatic, the heat liberated in either case is enough to 
bring the reaction products up to a temperature where the di--and tri-atomic mole- 
cules begin to dissociate, and there is little difference in their calculated maximum 
jet velocities. The controlling factor in limiting fuel performance is then the instabil- 
ity of the reaction products rather than the chemical structure of the fuel. So the 
calculated values of maximum specific impulse for optimum fuel—- oxygen ratios of 
inethyl and ethyl alcohols do not differ from those of normal octane by more than one 
per cent. 

Oue advantage of alcohols is that they can be diluted with water, which makes it 
possible to reduce the temperature in the reaction chamber if a slight reduction in 
specific impulse can be tolerated. Ethyl alcohol, either 100% or diluted with water, 
is an outstanding rocket fuel. The combination of 100% ethyl alcohol - liquid oxygen 
is the most powerful liquid propellant now in regular practical use. It can be used in 
both large aud small rockets. Its field of application is particularly that where low 
cost, safety in handling, and high performance need to be combined. The most spec- 
tacular use, in fact, of ethyl alcohol — liquid oxygen and water has been in the German 
V-2 (or A-4) rocket, a large missile of 59,000 lb. thrust. 

Both methyl and ethyl alcohols can be used with other oxidizers, namely, hydrogen 
peroxide and fuming nitric acid. Use of these avoids the handling of liquid oxygen, 
but presents other serious handling problems. 

Liquid Ammonia. Ammonia, a possible fuel available in very large quantity, is 
rich in hydrogen and burns well but has not been used in rockets except experimentally. 
Jt is easily liquefied and can be stored as a liquid either under pressure, or below its 
boiling point (—28°F.) at atmospheric pressure. Its heat of formation, though small, 
is positive (11.04 kg-cal./mole (gag)), but because of the hydrogeu content, its heat of 
combustion is high. Its density as a liquid at ordinary temperature is sufficient (0.62). 
It is insensitive to shock, and is thermally stable under any reasonable conditions of 
handling. 

The system liquid ammonia —liquid oxygen at the optimum ratio gives higher 
calculated values at 300 p.s.i.a. of both the specific impulse and density impulse 
(Isp = 255; I, = 249) than are given by either gasoline — liquid oxygen Usp = 242; 
fq = 236) or ethyl alcohol — liquid oxygen (Is, = 248; Iz = 235). When used with 
white fuming nitric acid it gives a lower specific impulse (226 pound-seconds per pound 
at 300 p.si.a.) under optimum conditions than is obtained with hydrazine. The 
objection to it apparently is that it has not sufficient merit over more easily handled 
fuels, and where high specific impulse is needed, hydrazine is better. 

Hydrazine (q.v.), which is made from ammonia, is less available, more difficult 
to manufacture, and at present about 100 times as expensive. It is also somewhat 
toxic. Nevertheless it is better in that it has a higher specific gravity (1.01), and a 
much higher boiling point (236°F.), and it produces a higher thrust when burned 
with liquid oxygen (sp = 257 to 264 pound-seconds per pound at 300 p.s.i.a. for 
various fuel — oxygen ratios, the value being higher in the presence of excess fuel). 

Anhydrous hydrazine has a high heat of combustion not only because it is rich 
in hydrogen, but because it is formed in an endothermic reaction (—12.05 kg.-cal./ 
mole at 298°F.). It gives a high specific impulse with any oxidizing agent, such as 
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liquid oxygen, hydrogen peroxide, white or red fuming nitric acid, or liquid fluorine. 
It is spontaneously inflammable with nitric actd and with fluorine. Tt also has low 
flame luminosity and gives a smokeless exhaust. 

Hydrazine ts difficult to separate from water beyond the point of the monohydrate, 
and in some cases the inonohydrate is used as a rocket fuel, although in so doing some 
of the heat that would otherwise be available is lost, since the heat of formation of the 
hydrate is positive (-+-57.95 ke.-cal./mole at 77°F.). 

Hydrazine is useful in those instances where a fuel is needed that supplies a higher 
specific impulse than is available from gasoline or alcohol, but where the need does 
not justify use of the more unusual fuels of very high specific impulse like liquid hydro- 
gen and the metal hydrides. During World War IT the Germans used hydrazine 
together with methanol in the ME-163, a jet motor for a fighter plane. 

Aniline and Monoethylaniline. Thesc materials are good rocket fuels but they 
supply lower specific impulses (195-200 pound-seconds per pound at 300 p.s.i.a.) 
than can be obtained with alcohols and hydrocarbons. They are used largely with 
WEN and REN, and can be used in ahuninum (light-weight) rocket motors. Aniline 
freezes casily (21°F.), so it is generally diluted with furfuryl alcohol or cthylaniline to 
keep it liquid at —40°F. or below. The combination with furfuryl alcohol has been 
used with REN in meteovological rockets. 

Metal Hydrides. Mctals have often heen considered as fuels, or more particularly 
as components of fucls involving materials rich in hydrogen for the heats of reaction of 
metals with oxygen are high. But there is no merit in running a reaction in. a rocket 
utiless the product remains a gas up to the time when it passes beyond the expanding 
section of the nozzle, or unless another gas is present that can be expanded by the heat 
of renction of the metal. Tfven if the oxides such as BoOs, Li and Na. remained as 
gases, they would have unfortunately high molecular weights and the adiahatic heats 
of reaction of boron and lithium are so high that no motor could withstand the tempera- 
ture for more than a few seconds withont some means of cooling. 

Most of the metal hydrides are solids, but a few of the hydrides of boron, such as 
pentaborane (B;Ho), dihydropentahorane (Bs;Hy), and aluminum borohydride (Al- 
(BHy);), are liquids, and diborane (BeH,) is a gas that can be liquefied at —134°F. at 
atmospheric pressure. These materials are only moderately thermally stable and 
ahiminum borohydride flashes immediately when exposed to air. Howevor, they 
supply high calculated specific impulses of about 290 pound-seconds per pound when 
burned at 300 p.s.i.a. with the proper ratio of oxygen and could be used to produce very 
high rocket velocities. At present they are exceedingly expensive, 

Ignition of Fuels and Self-Igniting Fuels. When the rocket motor is at ambient 
temperature, the impinging of a jet of gasoline onto a jet of nitric acid does not result 
in ignition, The mixture must be ignited hy a pilot flame, or other energy source. 
Starting conditions are fairly critical in a liquid-propellant motor; there is an un- 
fortunate tendency for detonation or at least for unstable combustion to occur, and one 
of the factors affecting the ignition is the activation-energy requirement of the com- 
bustion. Particularly in propellant systems of gasoline — nitric acid is ignition diffi- 
cult with a spark plug; consequently self-igniting fuels may be used to facilitate 
this start as well as to eliminate the need for auxiliary electrical equipment. 
The best known of these self-igniting propellant systems is the aniline — nitric acid 

‘combination which was developed at GALCIT about 1940. Modifications such as the 
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addition of nitrogen dioxide to the uitrie acid and of furfuryl alcohol to the aniline 
provide for more optimum propellant performance. 

Even in the ease of the oxygen-aleohol propellant it is desirable to use a high 
energy ignition source, and the V-2 type motor is generally ignited with a flame lance. 
Although the nitric acid systems are the most commonly used spontaneous igmitiou 
systems, if is possible to obtain spontaneous ignition with other oxygen sources, 
and even with air. Zine alkyls, for example, will ignite in air and were used experi- 
mentally at Peenemunde for starting the V-2 motor. The German war missiles 
known by the eode uames of Wasserfall, Taifun, Enzian IV, and Rheintochter R-3, 
us well as the American units Lark and Wee Corporal, have all used self-igniting 
propellants. 


OXIDIZERS FOR BIPROPELLANT SYSTEMS 

Liquid oxygen gives the highest specific impulse of any oxidizer tested up to the 
present time. Liquid oxygen has many practical advantages despite its very low 
boiling point (—297°F.) and is the oxidizer used in largest volume in liguid-propellant 
rockets. It is both safe aud convenient to store and handle, and is neither corrosive 
nor toxic. Jt ean be made in large volume at low cost. Because of its low boiling 
point, the oxygen storage tank of the rocket motor must be charged only a short time 
before firing in order to avoid serious evaporation losses. Therefore, because long 
storage in the rocket is not intended, special heat insulation need not be provided. 
Tt ean be stored in aluruinum, copper-alloy, and stainless-stecl tanks, but carbon steel 
and low-alloy steel are not satisfactory because they become tuo brittle at low tempera- 
tures. 

Hydrogen peroxide can be prepared almost 100% pure. As a rocket propellant 
it usually contains 10% water. If not free from certain impurities, it is dangerously 
unstable, but in the abserce of decomposition catalysts it is exceedingly stable at any 
reasonable temperature. It can be stored in pure aluminum, borosilicate glass, or 
stainless-steel contaimers, and pumped through hoses macle of certain plastics. It has 
been stored in aluminum tanks of 120,000 gallons capacity. During World War IT it 
was used effectively by the Germans, first in concentrations of 45%, but later in con- 
centrations up te 85% in torpedoes, jet-assist-take-olf units, and in prime power units 
for fighter-interceptor aircraft (ME-163). 

Hydrogen peroxide has the decided advantage over liquid oxygen that its high 
boiling point permits it: to be stored for long periods, without refrigeration or pressure, 
in the storage container of the rocket. Its large negative heat of formation (endo- 
thermic reaction) from water and oxygen makes it a good monopropellant. In bi- 
propellant systems with fuels such as methanol, nitromethane, and hydrazine, it gives 
calculated specific impulses of 225-250 pound-seconds per pound, and is thus ina class 
with liquid oxygen, although it sometimes gives density impulses that are somewhat 
higher than are obtained with the latter. 

Nitric acid has been used in a variety of forms as an oxidizer in liquid-propellant 
rockets. It is attractive because it is available at very low cost, requires no refrigera~ 
tion, is stable to shock, and has a high density, It presents a fire hazard if spilled onto 
flammable material, but when properly handled is considered quite safe. 

RIN containing 15% of dissolved NOs fumes so badly that it is hard to handle. 
It gives high specific impulses to fuels but is so corrosive that it will attack even stain- 
less steel on prolonged storage. RFN containing only 6% of NOs is easier to handle 
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and fumes only slightly. It can be stored fairly well in stainless steel without the ac- 
cumulation of sludge that appears when “mixed acid” is stored. Aluminun. is a better 
storage container under conditions where strength requirements do not preclude its use. 

WEN, of 97-100% strength, fimes less than either of the above, and serves well 
as an oxidizer, although with aniline it gives an undesirably longer ignition lag than 
REFN. It can be stored in aluminum containers. 

Mixed acid normally contains 88% of WIN and 12% of 20% fuming sulfuric 
acid which in tum is a solution of 20 parts of SO, in 80 parts of 100% sulfuric 
acid (equivalent to 104.5% H.S0,). It fumes somewhat, but has the advantage 
that for about equally good thrust performance a considerable amownt of the nitric 
acid is replaced by the cheaper sulfuric acid, and in general it gives rather better 
ignition. However, it isa very difficult material to store, and it corvocdes even stainless 
stecl. The sludge deposit that results must be completely removed before the acid is 
charged into a rocket storage container, for its presence can plug valves and injectors. 

All of these acids with fuels such as ethyl alcohol, aniline, and hydrazine give 
calculated specific impulses in the range of 225-250 pound-seconds per pound and thus 
are about equal to liquid oxygen on this basis. On the other hand, they all have a de- 
cided advantage in specific gravity, which is in the range of 1.6-1.6 and thus they tend 
to give higher density impulses with fuels than liquid oxygen does. Unfortunately, 
they present some toxic hazard. The fumes are poisonous, aud. the liquids will produce 
severe burns on the skin. They will igiite organic material faster than liquid oxygen 
will. They have the advantage that with many fuels they are self-igniting, for example, 
with the amines and alcohols, particularly furfuryl alcohol. 


MONOPROPELLANTS 


Hydrogen Peroxide. Of the possible monopropellants, 100% hydrogen peroxide 
is the safest to handle, but it has a rather low specific impulse, namely 146 pound- 
seconds per pound at 300 p.si.a. It gives a maximum temperature rise of 1750°R, 
above the temperature of the liquid before decomposition. The reaction products 
are steam and oxygen. It can be decomposed thermally as well as catalytically and the 
reaction, though rapid, is not explosive. Silver oxide was wsed as a catalyst in Ger- 
many during World War IT. Manganese dioxide is also an elfective catalyst. 

Nitromethane (see Nitroparaffins). Nitromethane as a monopropellant. gives a 
higher specific impulse (222 pound-seconds per pound at 300 p.s.ia.) than hydrogen 
peroxide does, but also a much higher reaction-chamber temperature. In spite of 
much work that has heen done with nitromethaue, there is still the question of whether 
it is sufficiently stable thermally and toward shock to be a good monopropellant. 
Shock waves from gun fire have been known to cause it to explode. It has also been 
exploded when exposed to a surface at 450°F. On the other hand, at ordinary tem- 
peratures it can he handled like gasoline, and is less dangerous than gasoline in case of a 
forced airplane landing, 

Tetranitromethane has been tested as a monopropellant, but there are differences 
of opimion as to its safety. The Germans tried it but objected to its freezing point. 
(64°F.) which they tried to lower by adding NOo.. They were also worried about its 
toxicity, and they knew that the presence of some impurities made it a violent explosive. 
Tt gives a somewhat higher calculated specific impulse than other monopropellants. 
A 1:1 mixture of nitromethane and tetranitromethane, which is a liquid, has a calcu- 
lated specific impulse of 233 pound-seconds per pound at 300 p.s.i.a, 
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Other mono-fuels such as methyl nitrate, mixtures of methyl nitrate with methyl 
alcohol or with furfuryl alcohol, diethylene glycol dinitrate, ammonium nitrate in 
liquid ammonia (Diver’s solution), and ethyl perchlorate are both shock-sensitive 
and heat-sensitive. It is realized that if these materials are to be developed, 
certain hazards in handling must be faced. 


Solid Propellants 


Differences from Liquid Propellants. Liquid propellants are fed, under the con- 
trol of valves, into the combustion chamber; the system of storage tanks, pipe lines, 
and valves, particularly when not under the control of an operator, is necessarily eom- 
plex. Improper action of any one part may cause failure of the entiresystem. Also, 
as the propellant is consumed, there is some change in the center of gravity of the en- 
tire nussile that, must. be compensated by adjustments in a guidance system. Then, 
in order to permit continuous flow, the outlets from the storage tanks must always be 
covered by the liquid propellant. Thus the missile in flight must be stabilized so that 
it will not roll, rotate, or spin. This is accomplished by the use of external fins, and 
the proces is called fin stabilization. 

Jn the case of solid-propellaut rockets, all of the propellant is within the motor 
chainber itself, and the installation is indeed very much simpler. There are fewer 
sources of possible failure. By adopting propellant grain shapes that have a plane of 
symmetry, and centering the motor properly, burning of the propellant can be accom- 
plished without appreciably changing the missile’s center of gravity. This of course 
is not true of “ciparette burning” grains where the solid mass of propellant burns ouly 
from one end toward the other end, but is true where cigarette burning takes place from 
both ends, Solid grains burning at oue end only can be used in booster-rockets but 
are not used in free-flight rockets since their mass burning rates are too low. More 
burumg surface than the end of a grain ts necessary tn order that sufficient mass of ma- 
terial may be consimed in the allotted time. Solid propellant rockets can be either 
fin stabilized (nonrotating) or spin stabilized (rapidly rotating). The latter is possible 
if the grain has enough strength or mechanical support to withstand the rupturing 
centrifugal forces. The spin is accomplished by equipping the missile with canted 
fins or with two or more canted exit nozzles. 

Solid-propellant rockets recommend themselves for ease and rapidity both of 
loading onto launchers and of firing. This makes them preferable to liquid-propellant 
rockets particularly where short burning times are sufficient. They are nearly always 
“single trip”? units. They are used in bazookas, guu projectiles, assist-take-off units 
for airplanes, and boosters and sustainers for other large rockets and guided missiles. 
In these cases they either crash with the missile or are jettisoned after exhaustion during 
flight. They can be loaded and sealed for storage far in advance of their intended use, 
so that the only preflight operaticn required in field use is to attach the electric ignition 
wires to a source of current. Thus they are particularly useful in cases where quanti- 
ties of them must be fired rapidly in sequence. 

Design: Size and Shape. Since after ignition a solid-propellant grain burns 
with no outside control of either the burning rate or the pressure gencrated in the 
motor, there has been much study not only of the grain composition but also of the 
design in order to.make it completely free from mechanical flaws and sufficiently homo- 
geneous so that it will burn at the same rate over all exposed surfaces as long as the 
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pressure is constant. The grain must also be strong enough that stresses due to non- 
uniform pressures or to vibrations will not cause it to crack or shatter prior to or during 
burning. Thus, in addition to composition, which is important to both liquid and solid 
propellants, physical dimensions, physical properties, and burning characteristics of 
the charge become of great significance with solid propellants. 

The rocket chamber itself is a cylinder closed at the front end and provided with 
one or more exhaust nozzles at the back end. The propellant must conform to this 
shape, allowing enough space in its cross-sectional area to permit flow of the hot 
guses from front to back of the motor. The total burning surface of the propellant can 
be reduced by covering any desired portion of the exposed surface with a material that 
is essentially nonburning, such as cellulose acctate, Surfaces thus protected are suid 
to.be “inhibited” or “restricted.” Jf the grain is cylindrical, the outer surface can also 
be inhibited by sealing it to the motor wall. See Figures 2 and 3. 

The weight of the grain is determined by the total thrust required, and the web 
thickness by the length of time to be allotted for complete burning. The web thick- 
ness, in inches, is the product of burning rate, 7, in Inches per secoud, and the total 
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Fig. 2. Cross sections of external and internal burning grains. 


time of burning, ¢, in seconds. For a cylinder with one perforation, burning on both 
outside and inside, the web is just half what it is for the same cylinder burning on only 
one side, with the other side mhibited. 

The intention is designing a propellant grain for most. uses is that the burning sur- 
face will maintain a constant area, If a rod of propellant, with both ends inhibited, 
is ignited over the outer surface, the burning area will decrease as burning progresses 
toward the center of the grain, and thus burning will be regressive (or “degressive’’), 
If a cylinder is ignited on the inside, with the outside inhibited, the buruing area will 
increase as burning progresses toward the outside wall, and burning will be progressive. 
If the cylinder is ignited both inside and outside, the total burning surface will remain 
nearly constant and burning will be neutral. 

The plain tubular grain is rarely used in a single-grain rocket, for support only at 
the ends of the grain is hardly adequate, An alternative shape is to add three or more 
longitudinal ridges to the cylinder which serve to support the grain throughout the 
length of the motor wall. These ridges burn in such a manner as to make the over-all 
burning somewhat regressive. 

Tubular grains, with or without ridges, when burned on both surfaces have much 
tendency to act as sound pipes during their burning and set up vibrations that cause 
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irregular burning and # roughness of the unburned grain surface which in 4urn increases 
the burning surface and thus the mass burning rate. It is possible to stabilize the burn- 
ing by making @ number of sinall radial holes at close intervals, preferably in a spiral 
arrangement, along the length of the grain. 

If it is necessary to providea greater weight of proepllant for a given cross section 
of motor than can be obtained with the tubular grain, this can be done by using a 
cross section cruciform in shape. In this case, the amount of surface at the start will 
make burning very regressive unless portions of the surface are inhibited. Covering 
the peripheral surfaces of the four arms with inhibitor will on the other haud make 
the grain quite progressive. Thus, itis possible by covering only portions of these peri- 
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Fig. 3. Types of solid-propellant grains. 


pheral surfaces to obtain almost neutral burning, and still give support to the grain 
by having the covered surfaces in contact with the motor wall. Modifications of the 
cruciform shape are the triform, hexalorm, and octaform, all of which are external 
burning shapes in which portions of the peripheral arms are inhibited. 

It is always desirable to keep the motor wall at a moderate temperature in order 
to permit use of the minimwn thickness needed to support the operating pressure of 
generally 1000 to 2000 p.s.i.a. This can be accomplished by using a completely inter- 
nal burning grain, which has its outer inhibited surface in contact with the motor wall, 
so that the grain serves as its own heat insulator. To overcome the progressivity 
of the ordinary internul-burning cylinder, the inner surface is given a more compli- 
‘ated cross section, which may resemble an internal spur gear, a circular sine wave, 
or axstar (see Fig. 3). Such shapes, properly designed, can be essentially neutral burn- 
ing, 
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The internal burning grain either elimmates the cooling problem, or confines it 
largely to the nozzle. ‘The latter, then, is made heavy enough so that its heat capacity 
will keep it from overheating until the burning is finished, or it is cooled sometimes by 
cireulating water through it, the water generally being injected finally into the motor, 
where it is converted to high-pressure steam and escapes with the exhaust gases, 

Solid-propellant grains for rockets inclide a wide variety of sizes and it cannot be 
said what the upper limit is. Sizes of 1 in. to 2 {t. im diameter, and from 1 to 10 
ft. long are not unreasonable. They may weigh from less ihan a pound to more than 
a ton, and on burning produce thrusts from 100 to 100,000 Lb. 

Ignition in solid-propellant rockets is accomplished primarily with black-powder 
igniters initiated by electric squibs. The energy of the igniter serves two purposes: it 
heats the surface of the propellaut to the temperature at which it will ignite (abort: 
340°F. for double-hbase grains) and it increases the pressure in the rocket chamber suf- 
ficiently to maintain the burning of the propellaut. The detailed meclianism asso- 
ciated with this process of iguition is not well understood, although tt appears that 
hlack-powder ignitevs function primarily by the raciant transfer of energy from the 
products of reaction of the black powder to the propellant. 

Rate of Burning. A grain of propellant burns on all exposed surfaces, and the 
burning surface progresses into the body of the grain at a lmear rate that is the same 
at all points provided the powder is homogeneous and conditions above the surface are 
uniform. The rate depends principally on: (7) the pressure of the gas over the 
propellaut, (2) the original temperature of the grain, and (8) the propellant: composi- 
tion. Toa lesser extent, it depends on other factors including the gas velocity parallel 
to the burning surface, and the amount of radiation received by the burning surface 
from sources other than the adjacent combustion gases. If the original temperature of 
the grain is ambient, and the pressure is 1000 p.s.i.a., the composition can be varied to 
give burning rates covering the range from 0.05 in. per second to about J in. per second. 
At 2000 p.s.ia., the rate can be increased to about 2 in, per second, Most rockets are 
designed to operate at a constant pressure and within the range of 500-2000 p.s.i.a. 
Expermentally, rates of burning at pressures up to more than 20,000 p.s.i.a. have been 
investigated. Some solid propeHants do not burn well below 200-800 p.s.i.a., and it is 
possible, despite the “rate of burning law,” to formulate propellants which burn poorly 
or not at all in an inert gas at pressures above 1500-2000 p.s.i.a. 

If identical propellant grains are brought to different ambient temperatures, 
in the range from about —20°F. to +150°F., the warmer grains will burn faster. 
This will cause the combustion chamber to operate at a higher pressure, and will 
produce a higher thrust: but the total impulse is essentially unaffected by initial grain 
temperature. The effect of temperature of the grain on the burning rate is called the 
“temperature sensitivity” and is expressed as the rate of change of chamber pressure 
(dp.) with the change in initial temperature of the grain (dT7',), divided by the chamber 
pressure (p,): a = (dp./dT,)/p,, where the arca of burning surface remains constant. 
A typical value of a is about 0.005/°F., being higher for the double-base compositions 
than for the composite compositions. It may be noted that low values of @ 
accompany low values of the burning rate pressure exponent (see p. 766). 

If during burning the nozzle throat area and burning surface area remain constant, 
the rate of burning and the pressure in the reaction chamber should remain constant, 
and a plot of chamber pressure in pounds per square inch absolute versus burning 
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time in seconds would look like the curve in Figure 4. Practically, typical experi- 
mental curves look like those shown iu Figure 5. 

Composition (sec also Explosives (propellants)). The search for u better propel- 
lant than compressed black powder led first to the adoption of double-hase powder, 
since it, had heen well known as a gun propellant and was available in sufficient amount. 
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Fig. 4. Ideal plot of chamber pressure versus time of burning for a solid-propellant rocket. 


But it was realized that the sensitivity of its burning rate to changes in temperature and 
pressure would limit the conditions under which it could be successfully used. The search 
for a material which would be easier to manufacture led to work at the Guggenheim 
Aeronautical Laboratory, California Institute of Technology, on asphalt binders 
coutaming powered potassium perchlorate oxidizer. Though this composition was 
used with some success, the tendency of the asphalt to flow under its own weight.was 
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Fig. 5. Typical experimental plots of chamber pressure versus time of burning 
for short-duration double-base solid-propellant cruciform grains. 


never satisfactorily avoided. Other binders and other oxidizers have since been <de- 
veloped. Many varieties of synthetic organic plastics are potentially useful as binders, 
their practicability depending upon their physical characteristics, stability, and cost. 
Ammonium. perchlorate and ammonium nitrate can be used in place of potassium per- 
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chlorate. Most. of the organic perchlorates are too shock-sensitive for consideration, 
Double-base powder, itself, which does not require addition of another oxidizer, has 
heen improved in stability and burning characteristics and stall comprises the largest, 
tonnage of solid propellant for rockets. 

A typical composition of double-base solid propellant together with some thermo- 
dynamic praperties is given in Table I. 


TABLE L Composition and Thermodynamic Properties of Double-Base Solid Propellant, American 
Solventless Ballistite (Burning at 2000 p-.s.ia.). 





Composition, % 


Nitrocellulose (13.259 N). 00. ee ete 61.5 
Nitroglycetin, .. 06 ce eee ene 43.0 
Ithy] eentralite. 2.00.0 ene L.0 
Diethy] phthalate. ..... ene eee ee teen eae 3.25 
Potassium sulfate. ..... 0.00 eens 1.25 
Carbon black (added)... 0...) occ ee ee eee eee 0.2 
Candelilla wax (added). .... 0000 cece tee Q.075 
Specific gravity, 6 ee ee eens 1.63 
Chamber temp., °F. (caled. adiabatic)... 0... cee eee eee 6300 
Effective exhaust velocity, ft./see.... 0.20. eee eee 6760 
Burning rate, 7, in./sea., OO. eens 0,87 
Burning rate, r, in./sec.,, 70°R. 0 eee 1.05 
Burning rate, 7, in./see., O°. ee 1.32 
Pressure @xponent, Mo... ce cece eee eee cent etree 0.75 
Spectfie impulse, Isp, Ib.-see./Ib.. oe ees 210 








The specific impulses of solid propellants are gencrally somewhat lower than those 
of liquid propellants, This is partly due to the difficulty of imeorporating enough 
oxidizing agent to give complete combustion and partly to the fact that the binder used 
as fuel generally contains oxygen in the molecule, already combined with earbon and 
hydrogen, so that the heat of combustion per pound of fuel is less than it otherwise 
would be. Specific impulses calculated for solid propellants developed up to the pres- 
ent (1953) are mostly in the range 170-200 ponnd-seconds per pound of fuel. An 
upper limit is probably about 240 pound-seconds per pound of fuel. This can be ap- 
proached by incorporating materials that have very high heats of combustion, such as 
the metals. Following World War II, much of the development in the field of solid 
propellants was related to improving the upper and lower temperature limits between. 
which the propellants could be made to perform satisfactorily. 
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ROCKWELL HARDNESS TEST. See Hardness, Vol. 7, p. 364. 

ROCK WOOL. See Mincral wool. 

RODENTICIDES. See Potsons, economic, Vol. 10, p. 872. 

ROSANILINE, ((NH2CsHaU :CeHy(CH,) :NHRICL See Triphenylmethane dyes. 
ROSEMARY OIL. See Oils, essential, Vol. 9, p. 588. 

ROSENDALE CEMENT. Sce Cement products, Vol. 3, p. £98. 

ROSE OIL. Sce Oils, essential, Vol. 9, p. 588. 

ROSEWOOD OIL. See “Bois de rose, Brazilian” under Ozls, essential, Vol. 9, p. 577. 


ROSIN AND ROSIN DERIVATIVES 


Rosin (colophony) is a solid resinous inaterial obtained from the oleoresin or stump 
wood of pine trees and contains chiefly resin acids, as well as smaller amounts of non- 
acid compounds. It varies in color froin pale yellow to dark red or darker, depending 
on the souree and method of collecting and processing. It is transhicent, brittle at, 
ordinary temperatures, and has a slight odor and taste like that of turpentine. It is 
insoluble in water, but is readily soluble in most oils and organic solvents, including 
alcohols, ether, benzene, and carbon disulfide. 

Rosin may be used per se and in this form is designated unmodified rosin. Tt 
may be given chemical treatment, that is, hydrogenation, disproportionation, or 
polymerization, to increase its stability aud improve its physical properties. These 
treatments modify the nuclear configuration of rosin and the products are known 
as modified rosins. Unmodified and modified: rosins may also be converted to car- 
boxylic acid derivatives. These rosin derivatives and the modified rosins are now of 
greater industrial importahce than unmodified rosin. 

The principal source of commercial rosin in the United States is the resin com- 
ponent of two species of pine tree, the longleaf (Pinus palustris Mill) and the slash 
(Pinus caribaea Mor.), found chiefly in the southeastern section of the country. Al- 
though the resin is only a minor component of wood, it forms the basis of the extensive 
naval stores industries both in the U.S. and. other countries. World production of 
rosin during the 1951-52 season approached two billion pounds of which about two- 
thirds originated in the U.S. 
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Production Methods 


There are three important methods of obtaining rosin commercially: solvent ex- 
traction of pine stump wood, turpentining the living tree, and separation from tall oil. 
Aged stumps of the virgin longleaf pine are a rich source of rosin and are the chief 
raw material extracted for the production of zve0d naval stores, Slash pine, on the 
other hand, forms heartwood more slowly than longleaf and hence the stumps contain 
considerably less resin than the virgin longleaf stumps, However, its vapid growth 
and high yield of oleoresin on wounding make slash pine the most important species 
for the gum naval stores industry. Rosin, in the form of tall oz (q.0.) is becoming an 
increasingly important, by-product of the pulp and paper industry. In the allcaline 
soda and kraft pulping processes (see Pulp), the resin is solubilized by the hot spent 
liquor, from which it is floated on cooling, acidified, and separated as crude tall oil. 
In the acid sulfite pulping process, the resinous material remains suspended in the pulp 
and is a serious problem (pitch trouble) (12) since it aggloinerates on various parts of 
the paper machine to interfere with the processing and give an inferior product, es- 
pecially when green wood is used. 

Gum Rosin. The oleoresin of the living pine tree was once the only commercial 
souree of rosin, The harvesting of tho olcoresin is simple, requiring ouly wounding 
(searification) of the tree and collection of the exudate. (See Turpentine.) Shallow, 
V-shaped incisions are cut frequently during the tarpentining season, The additional 
cuts made during several seasons result in the familiar “cutfaces” of the tapped tree. 
The collected oleoresin (consisting chiefly of rosin and turpentine) is thinned with 
additional turpentine, allowed to settle, then filtered, and heated in a still to evaporate 
the spirits of turpentine. The color of the residue, the molten rosin, depends largely on 
the period over which the tree was tapped, as well as on the care exercised in collecting 
and processing the oleoresin. Gum rosin at one time was processed at a large number 
of stills in the pine belt that extends over a thousand miles along the Atlantic and Gulf 
coastal plains. The trend of modern technology is toward large and centrally located 
units; there are currently twenty-six central distillation plants that process essentially 
all the gum rosin produced in the South. A. great deal has also been accomplished by 
more extensive application of improved methods of harvesting the oleoresin (6) and 
new stimulation techniques, such as the use of sulfurie acid. Thitial experimentation 
with a specific fungus (a pitch canker, Musariwm) (61) gave interesting but apparently 
not commercially significant results. 

Wood Rosin. The aged virgin pine stump is the souree of wood rosin. After it 
has remained in the ground for about ten years, its bark and sapwood have largely 
sloughed off leaving the heartwood rich in wood resin. <A typical analysis of an aged 
virgin pine stump, ag it is shipped to the plant, shows 19% rosin, 4% turpentiue, 4% 
of a gasoline-insoluble resin (the three compose the wood resin mentioned), and 23%, 
water, leaving 50% of cellulosic- and lignin-type materials (18). 

Methods for removing the stump vary with the terrain and soil. The carlier 
method of using dynamite has been replaced almost. completely by a variety of modi- 
fied forms of tractors and stump pullers. It is estimated that the wood naval stores 
industry is responsible for annually clearing about 550,000 acres of cut-over pine 
lands, releasing them for agricultural use or reforestation. The harvested stump is 
conveyed to the naval stores plant where it'is reduced by means of hogs and shredders 
to splinter-type chips suitable for extraction. 
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The extraction operations may consist of the following steps: (7) steaming the 
oils, (2) removing the excess moisture, (8) dissolving the resin by solvent extraction, 
and (4) steaming the residual solvent from the chips (5). The preferred method is 
the extraction of both the liquid and the resinous materials in a single step under pres- 
sure. To obtain best results in the extraction of the resi by a water-immiscible sol- 
vent it is inportant that the moisture content of the chips be reduced to a minimum. 
In addition to the size of the chips and their water content, the contact thine, quality of 
solvent, temperature, aud pressure are important factors for an efficient extraction. 
The choice of solvent determines the type of extraction accomplished. An aliphatic 
solvent is used for extracting only terpene and rosin-type materials, whereas aromatic 
solvents ave employed to extract an additional resinous material, iusoluble in aliphatic 
solvents, termed ‘'Vinsol” (52), which has found maimy commercial uses. 

When wood rosin was first produced around 1900, it enjoyed ouly a linited market, 
chiefly because of a characteristic dark red color compared with the usual brawn to 
yellow color grades of gum rosin. Vacurun distillation of the crude extract yields a 
paler grade rosin, but this product is not satisfactory for use in the production of soap 
or paper size. This was the first indication of the presence of two types of color com- 
ponents in rosin, the visible aud the latent; the latter forms the visible variety in 
coutact with alkali, "The successful removal of the undesirable volor eonponents has 
now been accomplished, It is carried out, commercially by use of an adsorbent such 
as fuller’s earth or by use of selective solvents such as furfural (21). The latter process 
consists of a liquid-liquid extraction in which an aliphatic hydrocarbon is used us the 
solvent for refined pale rosin and furfural as the solvent for the highly colored com- 
ponents. ‘he operation is flexible in that a range of color grades of pale rosin can be 
obtained by varying the ratio of the two solvents. In this way, refined wood rosiis 
are obtainable with superior uniformity and are generally equivalent to the corre- 
sponding color grades of gum rosin. 

Tali Oil Rosin. ‘Tall oil contains approximately 90% of acidic material which is 
composed of essentially equal parts of fatty and resin acids. In the alkaline pulping 
processes, the acids are solubilized in the liquor, floated to the top, and skimmed off 
the spent cooking liquor. This inaterial, referred to as soap skimmings or crude 
sulfate soap, is then cooked with mineral acid to ebtain crude tall oil in yields of 70 
to 90 th./ton of pulp. This recovery provess was developed in Sweden but was not 
used widely in the U.S. before the middle 1930’s. Since then, the amount of tall oil 
produced has increased about twentyfold. 

Collection difficulties, lack of suitable equipment in many paper mills, and re- 
fining required for many uses at one lime hampered the commercial exploitation of tall 
oil, However, most of these difficultics have been cireuntvented so that this by- 
product has become a large-volume source of the resinous material in pine wood (12). 

Tall oil can be used more effectively and profitably when separated into its we 
ain fractions, the resin acids and the fatty acids, Many processes for effecting the 
separation have been reported, by using the differences in both chemical and physical 
properties of the two classes of acids. One of the more effective means is fractional 
distillation of crude tall oil at reduced pressure to obtain resin and fatty acids fractions, 
one being contaminated with as little as 8% of the other. A commercially available 
tall oil rosin competitive with gum and wood rogius is obtained by this method. Other 
methods (22) involve: (1) the fractional esterification of the fatty acids with poly- 
hydrie alcohols followed by the distillation of the resin acids, (2) total esterification 
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of the tall oil followed by fractional saponification of the fatty acid esters followed by 
extraction, and (3) fractional precipitation of the resin acids out of acetone solution 
of the tall oil (62) followed by decomposition of the resin acid salts with mineral acid, 


ROSIN GRADES 
The official United States color standards for grading rosin, available only from 
ihe U.S. Department of Agriculture om loan, are based on the work of Brice (8) and 
are prepared by cementing combinations of Jena and Corning glasses to form 74-inch 
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Fig. 1. Spectral transmission curves for rosin samples selected to 
match in color the glass standards (3). 


cubes. These glasses show a better spectral match with rosin, high huminous trans- 
mission, and more regular spacing of colors on a chromaticity scale. Spectral trans- 
mission curves for rosins and the set of standards are shown in Figures 1 aud 2, re- 
speetively, The standard colors are specified in terms of the 1931 1.C.1, colorimetric 
coordinate system with its standard observer and standard illuminant C’ (see also Color 
(measurement)). The grades of rosin vary from X through WW (water-white), WG 
(water glass), N, M, KX,.1, H, G, F, E, D, with increasing color, 


PRODUCTION STATISTICS 


The growth trend in the production of rosin in the United States has been slightly 
upward over the last 40 years. For a long time wood rosin was of minor importance 
until the production of a refined wood rosin in 1927. Since then it has taken over an 
increasingly larger share of the market until now it represents over 50% of it. On the 
other hand, gum rosin production has drifted downward from 99% of the whole market 
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in 1910 to 30% for 1952. Tall oil rosin, a neweomer in 1937 , is showing 4 steady 
growth. See Figure 3. 
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Fig. 2. Spectral transmission curves for glass standards (3). 
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Fig. 3. Rosin production in the U.S. 
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Uses of Unmodified Rosins 


The technological advances made in the first decades of this century in the use of 
unmodified rosins can be appreciated as extensive after examination of the symposia 
(31) on rosin held by the American Society for Testing Materials in 1926 and 1920 
Unmodified rosin was used extensively in such fields as printing inks, linoleum, var- 
uishes, electrical insulation, foundries, core oils, leather, matches, udhesives, masonry, 
fluxes, and flypaper. Ih several instances it was not well suited for these upplications 
because of three properties: the tendency to crystallize from the solvents employed, 
oxidation by atmospherie oxygen because of its unsaturation, and reaction with heavy 
metal salts as in varnishes (q¢.v.). In most instances, losses due to crystallization and 
reaction with heavy metal salts, known in the trade as “livering,” aud coloration due to 
oxidation were tolerated for two reasons: methods to avoid them were not known, 
and rosin offered other advaitageous properties that the consumer desired. 

However, in present-day applications many of these difficulties have heen essen- 
tially eliminated by the development of processes to produce modified rosins and 
rosin derivatives. The latter are today the chief sources of large-volume consumption 
of unmodified rosin tn the manufacture of paper size, synthetic resins, and varnishes. 
The uses of the various rosin products will be discussed in greater detail under ‘*Re- 
actions and derivatives” (see p. 789). 

Current uses of unmodified rosin a8 such are therefore few and from the point 
of view of volume are relatively unimportant; the more important will be mentioned 
briefly. Because of ifs good electrical insulating properties, rosm is used in many 
insulating and potting compounds, alone for some types of coils and in admixture 
with asphalt, beeswax, or shellac for impregnating the textile insulation of others. 
Tis use in eable oils for saturating high-tension clectrical cables is an important cue 
of long standing. 

One of the essential components in the production of linolewmn (q.v.) is the “cement” 
which is composed of highly oxidized linseed oil, rosin, anc other resins such as the 
modified phenolics. Rosin acts chicfly as a peptizer or solvent for the oxidized lin- 
seed oil and is indispensable for the following properties it imparts to the cement: 
heat sensitivity, satisfactory maturing time, and stability on aging. Modified rosins 
are not suitable for this use. 

Unmodified rosin is often about 40% of the binding material in core oils for foun- 
dry cores. In this application, rosin affects the porosity of the core which, in turn, 
affects the mamer in which the core holds its shape as it is cooled after baking. In 
printing inks (¢.v.), unmodified rosin is used with oils, drying and nondrying, depending 
ou the type of ink to be prepared, to vary such properties as body, tack, viscosity, 
pigment wetting, and penetration. When plasticized with nondrying oils, rosin 
becomes very stieky and adheres to most surfaces. This product is suitable for fly- 
paper adhesive, tree-handing compounds, calking compounds, and special adhesives. 

Many soldering compounds contain rosin, where it serves as a weakly acidic 
material to remove oxide films and to etch the metal surface slightly: Rosin com- 
bined with petrolatum is used as a paste solder flux. 

Rosin is used in many thermoplastic molding compounds such as the binder in 
doll heads and poker chips. Also it is used in sealing waxes, box-toes and inuersoles 
for shoes, battery aud can seals, cutlery eements, and many other thermoplastics. 

Richardson and co-workers (44) described a product composed of 88-93% of 
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unmodified rosin melted with 7-12% of cottonseed oil as suitable for use as a depila- 
tory. The product has been developed as a thermoplastic material for removing from 
the carcasses and heads of hogs the hair and roots remaining after the regular dehairing 
machine operations. 

In Table I (23) are listed the amounts of rosin used by the various industries; 
this includes modified and unmodified rosins and rosin derivatives. 


Composition 


GUM AND WOOD ROSINS 

Just as the oleoresin from which guni rosin is obtained yields also substantial 
quantities of spirits of turpentine, the stump wood from which wood rosin is obtained 
yields a turpentine and other liquid products. The nouresmous fraction from stump 
wood is composed of: (7) terpene hydrocarbons: monocyclic (dipentene, terpimene, 
terpmnolene, p-menthane, and cymene) and bicyclic (a-pinene, the chief constituent 
of turpentine) and (2) oxygenated terpenes, the pine oils which, in turn, ave inixtures 
of terpineols, terpins, borneol, and fenchyl alcohols. The rosins derived from both 
oleoresin and aged stump wood are composed of approximately 90% resin acids and 
10% nonacidic material. Sce also Terpenes. 

Resin Acid Fraction. Qcsin acids are monocarboxylic acids of alkylated hydro- 
phenanthrene nuclei. The tavo-double-hond acids have the empirical formula 
CisHaCOOH and the abietie-type acids have the general formula (1), in which the 
dotted lines represent the different positions of the two double bonds. The carboxyl 
group is attached to a tertiary ecarbou atom and is so closely surrounded by other 
groups that it is highly hindered. Reactions of the carboxyl group are therefore 
difficult to bring about. The dissociation constants of resin acids have not been deter- 
mined because of the lack of solubility of these substances in water. Indications as to 
their acid strengths are that: (7) they can he precipitated from alkalime solution by 
carbon dioxide, and (2) their amine salts are readily decomposed by boric acid (KI = 
6.4 X 10-4). 
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Resin acids may be classificd into two groups, the abietic type and the pimaric 
type (Fig. 4), according to the following distinguishing features: 


(1) On dehydrogenation with pulladium-carbon catalyst to 350°C., the abictic type, which has 
‘an isopropyl or isopropylidene group at the 7-position, yields retene (7-isopropyl-1-methylphenan- 
threne, see Scheme 3); the pimaric type, which has the gem-configuration of methyl! aud vinyl 
groups at position 7, yields pimanthrone (1,7-dimethylphenanthrene), . Partial dehydrogenation of 
the abictic-type acids under milder conditions, 250-270°C., results in the production of dehydro- 
abietic acid. In the case of the pimaric type, the hydrocarbon (II) (1,7-dimethy!-7-othyL3,6,7,8-tetra- 
hydrophenanthrene) is obtained (12). 

(2) The double bonds of the two-double-bond abietie-type acids are conjugated, whereas those 
of the pimaric type cannot be because of the quaternary ture of the carhou atom at position seyen. 
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($) The relative stability of the two types is undoubtedly related to the latter difference; the 
abietic type is readily susceptible to isomerization by heat and acid and to oxidation by atmospheric 
oxygen, whereas the pimaric type is stable under these conditions, The two-double-hond abietic-type 
acids ure isomerized by heat or weid to an equilibrium mixture containing ehiefly ubietic acid (24). 
Under the same conditions they also undergo disproportionation to produce mixtures of dehydro- 
abietic and hydroabictic acids. 
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COOH COOH 
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CH3 
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oF O BLE 
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DIHYDROABIETIC AGID 
ACIDS 


Fig. 4. Structural formulas of resin acids (CisHaCOOH). 


Some physical constants of the pure resin acids are summarized in Table I. The 
dihydro and tetrahydro acids are mixtures of isomers so that melting pomts and specific 
rotations have no significance. 


TABLE IZ. Physical Constants of Resin Acids, 





Principal u,v. 
absorptions, 








Avid {a }le M.p., °C. wave longth, mz 
“Abietic Sede e eee tees ~106° 1738-175 241 
Levopimaric, ............. —276° 150-152 272 
Neoabietic................ 150° 167~169 250 
Dehydroahietic.. 0... +63? T1173 276 
Dextropimaric...........- -+75° 211-213 —_ 
Tsodextropimarie......... ra. O° 1§2- 164 — 








* Specific rot ations were determined on L% solutions i in ‘absolute ethanol. 


The relative amounts of resin acids in gum. and wood rosins, as a result of processing, 
are essentially the same, so that the two rosins differ presumably with respect to the 
resinous neutral fraction (12). Before processing, however, the proportions of the 
various resin acids in carefully collected oleoresin differ considerably from those in 
gum rosin, The principal component in the oleoresin is levopimaric acid. The orig- 
inal acids in oleoresin undergo two types of reactions: (1) isomerization to more 
stable isomers, for example, levophmaric to abietic acid, and (2) disproportionation to 
produce resin acids with no double bonds, one double bond, and an aromatic ring. 
See pp. 789, 796. 
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Analyses of typical:gum and wood resins were made by a method developed by 
W. P. Campbell for determining the types and classes of resin acids present in com- 
mercial rosius. The method employs the following reactions: (2) alkalt extraction to 
isolate the total acids, (2) Diels-Alder addition of maleic anhydride for the deter- 
mination of two-double-bond abietic-type acids under acid conditions, and (3) sul- 
fonation whereby (a) the dihydroabictic acids are lactonized to the neutral lactone 


TABLE IL, Composition of Rosins. 





Neubral. 00.0 ee te eee eee 





Two-double-bond abietietype acids... 2. eee 

Dihydro acids (abietic- and phmaric-type).. 2... ee 13 
Tetrahydro acids (includes pimaric-type acids)... 0.06 16 
Dehydroabiatic acid. oo... eee ets 2 








Biearbonate-soluble (oxidized acids) 


GQnu.p. 180-J31°C,) and detemiined as such, (4) dehydroabictic acid is sulfonated to 
the bicarbonate-soluble 6-sulfodehydroabietie acid, which is separated from the 
bicarbonate-soluble oxidized acids by virtue of its solubility iu hot water, and (¢) the 
tetrahydroabictic acids remain unreacted and soluble only in dilute sodiuin. hydroxide, 
The analysis by this method of a Gypical gum rosin or wood rosin is given in Table ITI. 

Neutral Fraction. The composition of the neutral fractions of wood and gum 
rosins is less well understood, and, as mentioned, it is most probably in this respect 
that the rosins differ. The one feature in common is that cach is composed of approxi- 
mately 60% of esters of resin antl fatty acids. The acid portion is essentially the 
same in each instance; the resin acids are those fowad in the acid fraction of each rosin; 
and the fatty acids (q.0.) are those found in other natural products, that is, predomi- 
nantly the Cy acids oleic, tinoleic, Hnolenic, and stearic. The alcohol portion of the 
esters, however, is quite different in each rosin and, for the most part, is unidentified. 

From the wnsaponifiable fraction of guin rosin, a number of investigators have 
isolated the following substances; a lydrocarbon, Co7HHss, nip. 60°C.; a trieyclic 
diterpene, Cay, byl92.5°C,, nif 1.5106, [ely 8.4°; a diterpene alcohol, CHO; 
an amorphous, fragile resene, m.p. 117°C., [aly +16°, molecular weight 798-830; 
a crystalline hydrocarbon, CyHe, m.p. 68°C.; a sesquiterpene alcohol, CysH20, 
hig 158-158 °C.; and others (1). 

From the wnsaponifiable fraction of wood rosin, Cox (7) isolated 3,5-dimethoxy- 
stilbene and Harris (16) isolated the aldehyde of isodextropimaric acid aud a trace of 
terpin hydrate. It is reasonable to assume that some of the other components are 
pine vil alcohols and deéarboxylated vesiu acids, resenes, and Ciy hydrocarbons of 
different degrees of unsaturation. Beeause of its extreme insolubility, a high-molec- 
wWar-weight wax of a Cye-Cig acid with the corresponding alcohol can be erystallized 
(m.p. 75-79 °C.) both from wood rosin and the isolated neutral fraction. 


TALL OIL 
The composition of crude tall oil varies principally with geographic location and is 
relatively uniform from any given source. regardless of the season of the lumbering 
operations. Typical analyses range from 40-50% each of resin acids and fatty acids, 
and 10% neutral material (12). The composition of the resin acids is essentially the 
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sume as that of the acid fractions of wood and gum rosin. The fatty acids are com- 
posed essentially of oleie and dinoleie acids with some linoleni« and palmitic acids. 
The neutral material is composed of about 60% of esters of fatty acids and the re- 
maining portion contains sterols, higher alcohols, ancl hydrocarbons. ‘Phe most com- 
mon of the plant sterols in the neutral fraction as the free material or as esters of fatty 
acids is 8-sitosterol (12), In some instances it has been isolated on a commercial scale 
(54). See also Sterols. 


Reactions and Derivatives 


The resin acid molecule possesses two chemically reactive centers, the double 
bonds and the carboxyl group. Through these, many modifications in structure and 
numerous derivatives are obtainable. Since rosin is composed of a number of resin 
acids, the chemistry of its reactions is relatively complex. The reactions at 
the double bonds are intended to alter the double-boud configuration of the two-double- 
bond abietic-type acids. Therefore, for the sake of clarity, the description of reactions 
on rosin for the preparation of derivatives will be preceded by a description of the 
same reactions on the two-double-bond abietic-type acids. 


REACTIONS AT THE DOUBLE BONN 


Isomerization. The three abietic-type acids containing two conjugated double 
bonds (that is, abietic, neoabietic, and levopimavic acids) are unstable to heat and to 
acid conditions. (The pimaric type, lacking the conjugated system of double bonds, 
does not undergo such changes.) Isomerization is of practical significance in view of 
the changes that oceur ou processing oleoresin or wood extracts in the production of 
rosin and also because the reaction is used to produce more stable, modified rosins ancl 
derivatives. 

When auy of the three acids is subjected to heat or dilute acid, an equilibriam 
mixture of acids results in each instance. Thus, in a solution of 2% hydrochloric acid 
in 96% ethanol (13), the rotation of neoabietic acid drops from [e]j} +159° ta —90°; 
levopimaric acid, [a@]j} —276°, goes through a maximum at —65° and approaches the 
same equilibrium at —90°; abietie acid goes from [a] —106° to —90° (see Fig. 5). 
When the acids are heated at about 200°C., the same types of changes occur. The 
curves showing the change im rotation wider influence of heat ave similar in shape to 
those obtained im the course of acid isomerization except that a different equilibrium, 
[w}}5 —48°, is reached. 

Abictic acid is the chief component of beth equilibrium mixtures, as shown by 
ultraviolet absorption spectra and confirmed by isolation by means of the amine salt 
method (14). Neoahietic acid can be isolated only after the abietic acid has been re- 
moved. Trace quaitities of levopimaric acid are assumed to be present. In the 
course of the isomerization with acid or heat, primarily the latter, some disproportiona- 
tion (that is, simultaneous dehydrogenation and hydrogenation, see p. 796) takes place 
to result in the production of dihydro-, tetraltydro~, and dehydroabietic acids in quanti- 
ties insufficient for chemical analysis. One of them, dehydroabietic acid, may be de- 
tected by its ultraviolet absorption spectrum, . 

Addition of Maleic Anhydride. The trace of levopimarie acid in the equilibrium 
mixture is assumed from the following evidence. Levopimaric acid, by virtue of its 
double-bond configuration, conjugated within one ring, reacts with maleic anhydride at, 
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room temperatare in the absence of mineral acid to form a crystalline Diels-Alder 
adduct in quantitative yield (see also Afalete acid, Vol. 8, p. 682). Under similar 
conditions abietic and neoabietic acids do not react with maleic anhydride. However, 
if maleic anhydride is added to the equilibrium mixture (Scheme 1), reaction takes 
place at anee with the trace af leyopimaric acid. If the reaction is carried out in 
benzene in the presence of strong acid, more levopimaric acid is produced, again in 
trace quantities, and reacts with maleic anhydride so that the equilibrium is displaced 
and eventually the whole acid mixture is converted to the levopimaric acid—maleie 
anhydride adduct in excellent yield. Similay results can be obtained if the mixture 


200 


100 


aa° 
D 


SPECIFIC ROTATION, [oe] 


2090 





300 


TIME IN HOURS 
Fig. 5. Acid isomerization of two-double-bond abietic-iype resin acids. 


of resin acids and maleic anhydride is heated above 100°C. For example, if pure 
abietic acid is mixed with an equivalent amount of maleic anhydride and heated 
above 100°C., a quantitative yield of the adduct is obtained. The reaction proceeds 
at these temperatures through the formation of trace quantities of levopimaric acid 
which reacts with maleic anhydride to displace the equilibrium, thus permitting the 
formation of more levopimaric acid. 

The reaction of refined rosins with maleic anhydride is carried out commercially 
above 150°C. (28,64) to complete the reaction in reasonable time. Heating the 
roixture assures a continuous supply of levopimaric acid, originally present in trace 
quantities, by maintaining active isomerization of the other two-double-bond ahbietic- 
type acids. - The amount of levopimaric acid—maleie anhydride adduct produced in a 
typical rosin is approximately equivalent to the amount of the two-double-bond 
abietic-type acids present, which is usually about 50% of the rosin (wood or gum). 
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The resulting modified vosins are composed of over 50% of adduct, about 35% of 
essentially unaltered resin acids, and 10% of neutral material. They have higher sof- 
tening points and greater acidity in view of the potential tribasic acid. They find use as 
polybasic acids in the preparation of alkyd resins (q.v.), oleoresinous vehicles, hard 
resins, and as rosin size additives. 

Frequently the adduct is used as the ester and prepared by reaction of glycerol 
or pentaerythritol with ros and maleic anhydride. This is an example of many 
instances in which both functionalities, the carboxyl group and the double bonds, must 
be altered to obtain a modified rosin with the desired characteristics. These esters 


Scheme 1. Addition of maleic anhydride to levopimaric acid. 
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are used extensively in protective coating and printing nk formulations. In the pro- 
tective coating industry they are intended primarily for compounding with film- 
forming materials to obtain lacquers or with drying oils to obtam faster bodying and 
quicker drying varnishes. The yellowing-resistant, maleic-modified rosin esters have 
found much use in industrial finishes because of: (1) their ability to retain whiteness 
im white enamels, both air-drying and low-temperature baking, (2) their quick baking 
speeds, and (3) thetr hardness and high luster. These same properties have also re- 
sulted in the use of the maleie-modified rosin esters in formulations of rotogravure 
inks, particularly those based on resins modified with nitrocellulose. These resins will 
permit maximum variation in the formulation of rotogravure inks with respect to vis- 
cosity, speed of solvent release, and hardness. . 

A second type of maleic-modified alkyd resin has been prepared by the reaction 


792 ROSIN AND ROSIN DERIVATIVES 


of the rosin ester and the product obtained by reacting a dilydrie aleohol with a di- 
basic acid such as maleic acid. These products, termed Neolyns, are prepared by 
reaction of the dihydric alcohol with maleic anhydride until the acid wamber of the 
reaction mixture is within a given range; the resulting acid ester is then heated with a 
monohydrie alcohol ester of an unsuturated resin acid to above 200°C. (60) until a 
homogeneous resinous allcyd-type product with low acid number is produced. Such 
resins are particularly useful with vinyl polymers in coating applications and in plastic 
tile formulations. 
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Vig. 6, Ultraviolet absorption spectra of (1) pure abietic acid, (2) oxidized abietic acid, and (3) hy- 
drogenated abietic acid. 


In recent years fumaric acid has also been used in large quantities to modify 
rosins for use in resins. Fumaric acid reacts with rosin more slowly than maleic anhy- 
dride but yields products of higher softening points. These resins are used primarily 
m printing inks; a typical product ismarketed by Rohm & Haas Co., Resinous Prod- 
uets Division, under the trade name Amberol 820. 

Other Addition Reactions. The addition of bromine (or iodine) to abietic acid 
should theoretically give a tetrabromo derivative, tetrabromotetrahydroahietic acid; 
however, some substitution and dehydrohalogenation take place to yield a polybromo 
derivative usually equivalent to three double bonds. The addition of hydrogen bro- 
mide-(or hydrogen chloride) (17) to abietic acid gives a dihydrogen bromide derivative 
for which the positions of the bromine atoms have not been proved. Similar conditions 
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prevail with the resin acids that contain only one double bond. In all instances, the 
halogen derivatives are quite unstable. For this reason, the products obtained from 
commercial resins are of no practical value, 

Tetrahydroxytetrahydroabietic acid is prepared with potassium permanganate; 
a dihydroxy compound is formed simultaneously (29). These compounds, too, are 
tnstable and are of no practical significance. 

The modified oil-soluble phenoplasts may be made by adding to the hot rosin 
either the phenol-formaldehyde condensation product or the phenol and the for- 
maldehyde separately, in which case condensation occurs during the heat-up time. 
These resins are usually further modified by esterification with glycerol or penta- 
erythritol. 1 is now generally accepted that the condensation consists of an addition 
reaction that takes place between the methylolphenol and the resin acid ester. See 
also Vol. 10, p. 361. 


Scheme 2. Air oxidation of abietic acid: probable intermediates (9,34). 


HYDROXY DERIVATIVES PEROXIDES 
COOH COOH 


Air Oxidation. One of the move troublesome and therefore important reactions 
of resin acids at the double bonds is oxidation with atmospheric oxygen. The abietic- 
type acids with the conjugated systems of double bonds readily take up oxygen, 
whereas the pimaric-type acids are relatively inert. A sample of pure abietic acid, 
[e]ij —106°, on exposure to air over a period of time takes on a decided yellow colora- 
tiou. Simultaneous decrease in negative optical rotation and change in ultraviolet 
absorption characteristics (Fig. 6) indicate the disappearance of the double-bond chro- 
mophore and hence saturation of the conjugated-double-bond system with oxygen. 
The work of Triebs (84) and Farmer (9) shows some probable intermediates formed 
during the air oxidation of abietic acid (Scheme 2). In the oxidation of dienes, which 
probably takes place through a free-radical chain mechanism, peroxides and hydroxy! 
groups are produced, In one instance the active methylene group at C-6 is attacked 
to form a hydroperoxide which decomposes to give a hydroxy] group in that position; 
in the other, the double-bond system is attacked with the formation of a peroxide 
which is opened to a glycol. Undoubtedly the reactions proceed much further to 
form a complex mixture of oxidation products in which the hydrophenanthrene nu- 
cleus is not always intact and which are not easily characterized. 

Therefore, when rosin is exposed to air over a period of time, the exposed surfacés 
are oxidized to result in a product of considerably darker color, and, in many instances, 
of lower value. Similarly, lower-grace rosins are obtained if the molten material is 
allowed te come in excessive contact with air during the refining processes, 

Some atteition has been focused on the use of the oxidation reaction to produce 
yosins of higher gofteuing poms, termed hardened rosins. An effective method for 
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obtaining these hardened rosins is to blow air through molten calcium resinate for six 
hours at 200-212°C. An increase in softening point of over 20° is due both to oxida- 
tion and to the higher-melting calcium salts. Such hardencd rosins are suggested for 
use with nitrocellulose in lacquers, in a shellac substitute with cellulose esters and 
eamphor, and in box-toe compositions with moutan wax, gilsonite, and other materials. 

Since the oxidation of abietic-type acids and rosin depends on the conjugated sys- 
tem of double bonds, any method for minimizing air oxidation of rosins should have as 
its basis the alteration of these double bonds. Such reactions as hydrogenation, 
disproportionation, and polymerization have been employed commercially to produce 
more stable rosins. Comparative oxygen absorption data of rosins and some deriva- 
tives are shown in Figure 7. It can be seen that hydrogenation reduces to 4 minimum 
the tendency of rosin to absorb oxygen. Also, the transformations in resi acids that, 
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Fig. 7. Oxygen absorption by rosin and rosin derivatives at room temperature 
and 300 p.s.i. 


oceur during the esterification reaction result, in considerable decreaye in oxidation 
(curves 2 and 3). Methods used for altering the conjugated system of double bonds of 
the abietic-type acids to render them more stable to attack by atmospheric oxygen will 
be described in the following sections. 

Hydrogenation. Hydrogenation is one of the more satisfactory methods for 
decreasing the susceptibility of rosin to air oxidation (39,51). Because of tbe struc- 
tural features of the resin acids, however, more vigorous conditions are necessary than 
with simpler olefins, Reduction with heavy metals aud mineral acid or with amalgam 
and water accomplishes only incomplete hydrogenation even for one double bond; on 
the other hand, molecular hydrogen in the presence of such noble metal catalysts as pal- 
ladium or platinum will saturate one or both double bonds depending on the polarity of 
the solvent employed (26). Benoit and Harris obtained the desired selectivity with plat- 
inum oxide or palladium-carbon catalyst after studying the effect of various solvents. 
One double bond was hydrogenated efficiently in hydrocarbon solvents such as methyl- 
cyclohexane; hydrogen absorption stopped sharply after one mole. Complete hydro- 
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genution to the saturated acids was accomplished in glacial acetic acid. ‘The hydro- 
genation reaction is used successfully for the quantitative determination of the degree 
of unsaturation of rosin and its derivatives. 

The relative ease of hydrogenation of the resin acids in wood aud gum rosins 18 
very nearly the same as that described for the pure acids. The first double bond, 
activated in conjugation, is hydrogenated with ease, whereas the second is resistant to 
hydrogenation under the same conditions. The residual double bond is also highly 
resistant to air oxidation so that much of the desired stability is obtained even by 
hydrogenation to the “dihydro stage.” This type of hydrogenation may be carried 
out by passing the molten rosin over Raney nickel catalyst at 125 atm. hydrogen 
pressure at 230°C. for five hours (46). Under these conditions most of the color 
components in refined rosins are bleached to produce an almost colorless product. 

A typical analysis for content of the various types of acids in the hydrogenated 
rosin, Staybelite, shows only two changes, a decrease in the two-double-bond abietic- 
type acids from 53 to 83%, and an inerease in dihydroahietic acids trom 11 to 60%; 
hence, the over-all change is couversion of the former to the latter. 

A comparison of important propertics of rosin with those of some rosin derivatives 
is given in Table IV. 


TABLE IV. Important Properties of Rosin and Some Derivatives. 








Dispropor- 
Property Rosin Siydrogenated tionated Polymerized 
Acid number.................. 165 162 158 150 
Saponification number.......... 172 L67 164 160 
Specific rotation®...,........-.. +17° +27° -+50° +16° 
Color, U.S. rosin standard.......  N xX WW WW 
Softening point’... 00.00.00... 83°C, 7B°C, gorc, 100°C, 


Refractive index at 20°C........ 1.5460 1.5270 1.5874 {. 5432 





® Specific rotation of ao 7/inch cube of rosin. 
> Hereules thermometer drop method. 


Because the hydrogenated product. is practically nonoxidiging, it 1s used as a 
niodifier of allevd resins and as a softener, tackifier, and plasticizer with natural as well 
as synthetic rubber. It has been used successfully in highly specialized adhesives 
(56) in which nonoxidation and pale color retention are necessary. For pressure- 
sensitive adhesives (47) used in surgical and industrial tapes made from synthetic 
rubbers, a Staybelite ester is more suitable than a nonesterified hydrogenated rosin. 
However, when uatural rubber is used, the hydrogenated rosin itself is adequate. 

For the most part, size made from rosin itself is suitable for sizing paper (see p. 
801). In the production of high-grade papers, however, where resistance to discolora- 
tion and retention of sheet brightness are of fundamental importance, a stabilized 
rosin must be used. The sodium salts of a hydrogenated rosin also can be used in 
soap manufacture. A tallow soap containing up to 10% of Staybelite soap is light 
colored and does not darken perceptibly with age. The addition of hydrogenated 
rosin to fatty acids yields soap with improved wetting action and bacteriostatic activity, 
In view of these favorable properties, Stayhelite can be used as a constituent of milled, 
toilet, floating, flaked, and spray-dried soaps, and in the form. of its many carboxylic 
derivatives (that is, salts and esters) for specialty applications where resistance to air 
oxidation is of importance. 
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Disproportionation. The disproportionation reaction is the second means of 
effectively modifying rosins to render them less susceptible to oxidation by atmospheric 
oxygen. In effect (he reaction consists of the removal of lwo atoms of hydrogen 
from the two-double bond abietic-type acids and the rearrangement, of the double- 
bond system to form an aromatic nucleus in the production of dehydroabietice acid 
(Scheme 3). The hydrogen that is removed! is readily absorbed by other two-double- 
bond abietic-type acids present in rosin to produce the stable dibydroabictic acids 
and tetrabydroabietic acid. 

The reaction is brought about by mineral acid and, to x greater extent, by heating 
at 270°C. for long periods. The rate of the reaction is greatly enhanced by the use of 
such disproportionation catalysts as iodine (18), sulfur, selenium, or uoble metal on 
earbon supports (63). When the reaction is carried out at higher temperatures, above 
300°C., in the presence of a catalyst (Scheme 3), complete dehydrogenation is obtained 
to produce the parent lwydrocarbon, retenc. 


Scheme 3. Disproportionation and complete dehydrogenation of resin acids. 
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The extent of disproportionation of a rosin can be followed with the aid of ultra- 
violet spectroscopy. As the reaction progresses the ultraviolet absorption character- 
istics of abietic acid (Fig. 8), with the most intense band at 241 my, disappear and 
those of dehydroabietic acid, with the chief maximum at 276.5 my, begin to appear, 
The disproportionation of leyopimaric and neoahbietic acids can be followed in similar 
manner, since the first step in each case is the complete isomerization lo abietic avid. 
A typical set of absorption curves is shown in Figure 9. The presence of the maximiun 
at 241 my im curves Land 2 indicates some residual abietic acid and hence incomplete 
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Fig. 8. Ultraviolet absorption spectra of abietic acid and dehydroabielic acid (19). 
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Fig. 9. Ultraviolet absorption spectra of disproportionated rosin. 
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disproportionation. Curve 3 is that of the end product of disproportionation 
in which the abictic acid has disappeared and the maximum amount of de- 
hydroabietic acid is produced. The amount of dehydroabictic acid produced 
ean be calculated from the ratio of the difference in specific absorption coefficients 
(Ag) betiveen the minimum at 272.6 nw and the maximum at 276.5 my for the 
pure acid (1.00) (iz. 8) and for the sample concerned. 

Instead of plotting log ¢ (extinction coefficient) against wave length in mill- 
microns, as in the usual method of reporting ultraviolet absorption data, the curves 
shown in Figure 9 were obtained by using & (specific absorption coefficients), heeause 
for mixtures such as ros the molecular weights cannot be used with accuracy. Hence 
the measurements are per gram of sample rather than per mole: 


a= a/c 


where d = optical density, and ¢ = concentration in grams per liter. The couversion 
equation is « X molecular weight = e. 

Dehydroabietic acid, the chief component of a disproportionated rosin, has been 
the subject of much investigation in view of its inherent stability. The carly work 
on the chemistry of detyydroabictic acid was carried out mostly by Fieser (10), Camp- 
bell (4), anc co-workers. 

A typical analysis for the various types of acids 1 a disproportionated rosin shows 
only two changes, the disappearance of the two-double-bond abictic-type acids, and 
the increase in dehydroabictic acid from 2 to 58%; hence the over-all change is the 
conversion of the former to the latter. Some of the physical properties of a dispropor- 
tionated rosin ure listed in Table IV. 

An important use of dispropovtionated rosin is in the form of the socltum or potas- 
sium soap, as an emulsifier in the production of GR-S type synthetic rubber (19), a 
butadiene-styrene copolymer made at 50°C. with persulfate catalyst. In persulfate 
recipes soap of unmodified resi is nob suitable as an emulsifier because of the detri- 
mental effect on polymerization rate of even small amounts of abietic acid. Hence, 
the major requirement for a disproportionated rosin for this purpose is the absence 
of abietic acid as detected by ultraviolet absorption. For example, a rosin with an 
absorption curve similar to curve 1 or 2 in Figure 9 was not suitable; only a rosin with 
an absorption curve similar to curve 3 proved effective. 

The synthetic rubber produced with the aid of a carefully prepared disproportion- 
ated rosin is more tacky than GR-S made with a fatty acid soap emulsifier, and is 
therefore superior for tire building (20). In addition, improved resistance to heat 
build-up, superior hysteresis properties, higher tensile strength and elongation, im- 
proved tear resistance, and better reinforcement in low-black compounds and non- 
black pigment loadings add up to make a superior rubber, 

More recently, sodium and potassium soaps of disproportionated rosin have been 
accepted generally for the production of “cold rubber’ (GR-S made at 5°C.) produced 
by hydroperoxide-catalyzed redox recipes (2), Disproportionated rosin soaps have 
the same advantages over fatty acid soaps at 5°C, as they do at higher temperatures. 
Tn addition, the rosin soaps are more soluble at this temperature than the sodium soaps 
of hydrogenated tallows and greases, which are commouly used in emulsion polymeriza- 
tion at higher temperatures. 

Similarly, modified rosin soaps are used in other emulsion polymerizations, as 
of chloroprene to neoprene. See also Rubber, synthetic. 
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Other uses of commercial disproportionated rosin depend on its relative 
stability to oxidation by atmospheric oxygen. 

Disproportionated rosins are produced by several companies under the following 
trade names: 


Gotite. oc. cee eee ee Dixie Pine Products, Inc. 
Cralex. eee cee ee G. and A. Lahoratories, Ine. 
Resin 781... 0. eee eee Hercules Powder Company 
Nilox Resin... ee eae Newport Industries, Inc. 


Galex is used predomiantly in the specialty adhesives field and not where polymeri- 
zation is a factor. 

Polymerization. The two-double-bond abietic-type acids that are readily de- 
graded by air oxidation also can be stabilized under conditions whose end result is their 
polymerization. Commercial polymerized rosin is prepared by the action of alkyl 
or metal halides or inorganic acids on rosin at essentially room temperature over au 
extended period of time. Griin and Winkler (11) first described the polymerization 
of rosin with sulfuric acid. Rosin was dissolved in petroleum ether and treated with 
concentrated sulfuric acid af; —5°C, for six hours. Rummelsburg (48,49) used 65- 
96% sulfuric acid in aromatic solvents or boron trifluoride in aliphatic solvents. 

Several polymerized rosins are currently on the market: 


Polros. occ eee eens Crosby Chemical Company 
Poly-pale..... 0... cece eee Hercules Powder Company 
Nuroz and Newtrex....00000 000... 0 eee Newport Industries, Inc. 


Tn effect, the end result of the reaction is the polymerization of a large part of the 
twvo-double-bond abietic-type acids to produce a heterogeneous dimer. An ultra- 
violet absorption spectrum of commercial polymerized rosin indicates the presence 
of 50% of the dimer. Furthermore, as in the case of the disproportionation reaction, 
the polymerization reaction can be followed by the disappearance of the spectrum for 
abietie acid, at 241 my, and the appearance of that for the dimer at 250 mp. An 
outstanding characteristic of the resulting double-bond system of the dimer is that it 
is less susceptible to attack by atmospheric oxygen so that the desired stabilization of 
the two-double-bond abietic-type acids is effected. 

Que of the changes in composition during the polymerization is the drop in acid 
number as shown by the increase in the amount of neutral material. The outstanding 
change is, however, the disappearauce of a large portion of the two-double-bond abietie- 
type acids and the increase in the tetrahydroahietic acid fraction. There is, however, 
10% of the former fraction residual so that reaction with maleic anhydride is stil] 
possible to form maleic-modified resins, which are more stable and possess still higher 
softening points. An increase in the dehydroabietic acid content indicates that some 
disproportionation has also taken place. One of these reactions (polymerization or 
disproportionation) seldom takes place without the other. A typical polymerized 
rosin is relatively stable to air oxidation. Further resistance to oxidation to approxi- 
mate that of a hydrogenated rosin can be attained either by modification with maleic. 
anhydride to consume the 10% of two-double-bond abietic-type acids or by hydrogena- 
tion, Some of the physical properties of a typical polymerized rosin are given in 
Tahle IV. 

Many uses for polymerized rosin have been developed based on its several de- 
sirable properties such as high softening point, high viscosity of solution, and resistance 
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to oxidation. Asin the cuse of the other forms of stabilized rosins, polymerized rosing, 
through reaction of the carboxyl group, have heen converted to products such as salts, 
esters, and aleohols, 

A commercial grade of polymerized rosin bas the advantage that it, requires less 
glycerol than do gum and wood rosins, because of its lower acid number, to obtain an 
ester of low acid mumber and higher softening point. The viscosities of polymerized 
rosin esters are consistently higher than comparable esters made froin. other types of 
modified or unmodified rosins. Because of its higher softening point and lower content 
of unsaturated resin acids, polymerized rosin requires less maleic anhydride or phenol- 
aldehyde condensate than unmodified rosins to yield maleic-modified or phenolic- 
modified ester rosins of given hardness and viscosity. In fact, the amount of these 
substances that can react with commercial polymerized rosin to yield a homogeneous 
resin is approximately one-half that which can reaet with gum or wood rosin. And, 
finally, fused metal salts can be preparsd in the normal manner as with gum and wood 
rosins with the advantage that no diffimulties are encountered due to “blocking” 
(partial crystallization of the cook to cause opaqueness in the mass) during either the 
cooking or the cooling-Jown steps of preparation, These metal salts are well adapted 
to the preparation of varnishes, driers, printing inks,-adhesives, and thermoplastics. 
As compared to similar salts made from natural rosins, they are harder, more viscous, 
and more resistant to oxidation; solutions in organic solvents are mare stable, 


REACTIONS AT THIt CARBOXYL GROUP 


In addition to the double-bond reactions, resin acids also undergo typical reactions 
of the carboxyl group. Salts and esters of rosin, known as rosin derivatives, are pro- 
duced commercially in volume. Other reactions involve the reduction of the carboxy! 
group to the alcohol and the conversion to the nitrile which cam be reduced, in turn, 
to the amine, However, under the conditions required for some of these reactions, 
some decarboxylation occurs. The last reaction is the basis for the formation of the 
commercially important vosin oils. 

The carboxyl group of the resin acids is attached to a tertiary carbon atom and is 
highly hindered, It is further hindered by the methylene group at carbon 10 whose 
effect is comparable to that of either of the methyl groups of 2,6-dimethylbenzoic 
acid, Another structural feature of the resin acids that can be appreciated only with 
molecular models is that the carboxyl group is actually quite close to the angular 
methyl group on carbon 4a and is therefore hindered by it also, 

Salt Formation. Salts of a typical resin acid, CyeFlag3COOH, such as CipHasCOONsa, 
Crap COON a.3CigHesCOOH, (CrsH yp COO).Ca or zn, and (CisHepCOO),Al, are 
normal with the exception of the 3:1 resin acid: sodium salt, in which one molecule of 
the normal salt is combined with three molecules of the free acid (8,24,38). Although 
abietic acid is necessary for the formation of the acid salt, other resin acids in a mixture 
can replace it in part. The sodium salts of the various resin acids vary markedly in 
their solubility in water. Those of abietic, neoabietic, and isodextropimaric acids 
are quite soluble, whereas those of levopimaric and dextropimaric acids are very in- 
soluble in water (27). It was by this means that the last two acids were isolated from 
the oleoresin and characterized, but the presence of the first three was not shown. 

Balas (1) found that resin acids formed amine salts equally well and employed the 
method for purifying the resin acids isolated hy other means. Harris (15) extended 
this technique to include the preparation of amine salts of mixtures of resin acids and 
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the fractional crystallization of the salts from various solvents to obtain salts of pure 
resin acids. The specificity of a number of amines for resin acids was developed and in 
this way tivo new resin acids, neouhietic ancl isodextrophnarie acids, were discovered. 

Sodium resinate, the sodium salt of rosin, is quite bnportaut commercially and is 
used extensively in soaps, sizing of paper, and enmlsions of the oil-in-water type. 
(Frequently in the trade the term “abietate™ is used in place of the term ‘“resinate.”* 
This usage does not necessarily indicate a high content of abietic acid.) The presence 
of rosin 11 soaps generally iuproves sudsing action, increases the rate of solubility, 
and improves lathering properties and detergent action. A serious objection to the 
use of rosin in bar soaps is the darkening that occurs on aging. This is, of course, due 
to the oxidation of the susceptible constituent resin acids and can be greatly reduced 
by using one of the stabilized, nonoxidizing rosins described in the earlier sections. 
See also Soap. 

The use of sodium resinate in the sizing of paper constitutes one of the older 
arts (see Vol. 9, pp. 816, 824), Beater sizing of paper is carried out by forming in the 
pulp suspension a precipitate of an aluminum resinate complex. The latter is pre- 
pared by the reaction of sodium resinate with papermaker's aluin (Ab(SO,),) under 
the proper conditions of pH and ionic environment. The theory on which the sizing 
of paper is based was evolved by Thiriet and Delcroix (2), who stated that over a 
certain pH range the rosin size precipitate and cellulose have electrical charges of op- 
posite sign so that the positively charged rosin and the negatively charged cellulose are 
attracted to one another to make sizing possible. Rosin over the normal sizing pH 
range, in-the absence of alum, has a negative charge, as does the pulp. The alum, 
then, not only provides the proper charge on the size precipitate but also imparts to 
the sized pulp the waterpreofing properties of aluminum resinate which are superior to 
those of rosin. 

The sizing of paper is the largest single use of rosin; actually from 25 to 30% of 
the rosin produced in the United States is used as the sodium salt for this purpose. 
Commervial paper sizes are usually 70-80% aqueous dispersions, called “paste’’ size. 
Emulsion sizes and dry sizes are used in some special applications, Sizes with special 
properties and improved efficiency* (as measured by certain tests) have been prepared 
by the addition of waxes, proteins, and resinous materials including rosin—maleic 
anhydride adduct. 

The major difficulties in using rosin as such in varnishes (q.v.) result from two of its 
physical properties, namely, its acidity and low softening point. Both these limita- 
tions are overcome effectively by preparing the rosin salls of polyvalent metals such as 
calcium, zinc, lead, and manganese. These salts, then, are used as driers (q.v.) for 
paints and varnishes and as constituents of printing inks, adhesives, and thermoplas- 
tics, to mention some of the more important applications. In varnishes, the salts im- 
part improved gloss and adhesion, can be used in compositions with basic pigments 
without “livering,” and have an excellent retarding effect on the gelation of tung oil. 

Resinates of heavy metal salts can be prepared by one of two methods, precipita- 
tion or fusion. The precinitation method consists of the addition of a solution of the 
heavy metal salt to a solution of the sodium soap of rosin at 40--70°C., thus precipitat- 
ing the insoluble metal resinate, which is filtered, dried, and pulverized. The pre- 
cipitated rosinates are used as driers in oleoresinous varnishes and paints. Fused 


*Hditor’s Note: Several so-called “fortified”’ sizes are currently available under the trade names 
Cyfor (American Cyanamid), Mersize (Monsanto), and Pexol (Hercules). 
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resinates are prepared by heating the rosin with the metal hydroxide, metal oxide, 
or the metal salt of a volatile organic acid. Schantz (80) reported the catalytic effect 
of acetic acid or caleinm acetate which permits the reaction to be completed in a few 
Ininutes at QBAPC. 

Calcium resinate, or timed rosin, finds extensive use in the protective coating in- 
dustry as a varnish resin, where if serves to thicken the varnish and increase the hard- 
ess of the dried film over that obtaiuable with rosin alone. When calciun resinate is 
dissolved in petroleum solvents such as naphtha with occasional small amounts of 
oil, the solution is a gloss oil. Because of low cost, gloss oils are used in flat-white 
paints, as a primer coat for plaster or cement walls, and as a component of Inexpensive 
paints and varnishes. The type of lime used in the preparation of limed rosin is of 
particular importance; a high grade of hydrated lime should be used with a small 
amount of calcein acetate. The hydrated lime should he as free as possible of iron, 
manganese, and silicates. Limed vosin has been used for many yeats in the prepare- 
tion of core oils and dry core binders in foundries. Solid limed rosin, particularly 
that made from polymerized rosin, has found extensive use in heat-set printing inks, 
varnishes, and thermoplastic molding compounds. 

Zine resinate has interesting: properties, such as dispersing aclion on gels, low 
reactivity with drying oils, and compatibility with allkyds and ethyl cellulose. Other 
properties attributed to the use of zine resinate are inyproved gloss, wetting and dis- 
persion of pigments, aiding through-dry, inertness to basic pigments, and promoting 
can stability of paints and varnishes. In the preparation of the resinate by the fusion 
process, zinc oxide causes blocking (see p. 800). This difficulty is readily eliminated 
by the use of polymerized rosin which does not form a crystalline zine salt, or by the 
addition of valetum acetate which results in mixed zinc calcium resinates (58), 

Metallic resinates find use also in ceramic colors, pyrotechnics, floor tile, ache- 
sives, and generally where a harder and less acidic thermoplastic resin than rosin is 
required. 

Esterification. ‘The structurally hindered nature of the resin acid carboxyl group 
makes it necessary to use higher temperatures or generally more drastic conditions to 
bring about, esterification. This hindrance is, in turn, responsible for the unusual 
stability of the ester linkage to cleavage by water, acid, or alkali. This then, is an- 
other method for neutralizing the acidity of rosin for use in varnish and other protec- 
tive coating formulations. Polyhydric as well as monohydric alcohols are used to 
obtain products with a wide range of physical properties. Originally, the glycerol 
ester was used. exclusively for protective coatings. he introduction of pentaeryth- 
ritol resulted in the production of esters with two outstandingly improved proper- 
ties: a substantially increased softening point and further resistance to heat and 
saponification. 

With glycerol (g.v.). The glycerol ester of rosin, usually called ester gum, has 
decided advantages over both the raw material, rosin, and the metal-hardened rosing 
with regard to durability, moisture resistance, and freedom from livering with basic 
pigments. 

The ester gum of optimum physical properties is that in which three moles of 
resin acids combine with one mole of glycerol to produce glycerol triabietate. In 
practice, however, since this is difficult to obtain, commercial ester gum is composed 
of both the mono- and the diglycerides as well as the completely esterified product. 
Unreacted glycerol in the finished product is to be avoided if an ester of proper hard- 
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ness and water resistance is to be obtained. A suitable ester gum, with acid number 
5-10, is produced by heating rosin with glycerol at 250°C. The reaction can be car- 
ried to completion at 290°C. in a vessel provided for the removal of the water produced. 

The introduction of catalysts in the production of esters of polyhydric alcohols 
has led to many improvements both with respect to reduced reaction time and inproved 
quality. Zinc and its salts exert a catalytie effect when used as such in the reaction 
mixture or as a lining in the reaction vessel, the reaction time being reduced to one- 
fourth normal. For the production of ester gun of superior properties, the use of 
stainless steel, Monel, or aluminum kettles is desirable. Iron is to be avoided becatse 
dark-volored products result. Tung oil also acts as a catalyst m the esterification of 
rosin with glycerol in the preparation of varnishes. 

With other polyhydric alcohols, Diglycerol (see Vol. 5, p. 226), the ether produced 
by the condensation of two moles of glycerol, is used to prepare rosin osters of greater 
hardness and of increased softening point. In addition to the improved properties 
of the product, there is the further advantage that the excess diglycerol need not be 
removed, since it exerts no harmful effects im lacquers. Although not practiced com- 
mercially, some polyglycerols have been used as aids in blending ester gum with 
nitrocellulose. 

Glycol and diethylene glycol are also used to prepare esters by refluxing the 
rosin at 250-260°C. in the presence of zine dust or boric acid catalyst. The unreacted 
alcohol is removed by heating the ester at 300°C. at reduced pressures. Bent and 
Johnston (41) esterified rosin with pentaerythritol, C(CH.OH),, erythritol, C4Hs(OH),, 
and enneaheptitol, CyHi,(OH);, by heating at 250~280°C. with a catalyst such as zine 
dust. or boric acid im an inert atmosphere. Tikhomirov (83) prepared the penta- 
erythritol ester of rosin by heating the two ingrediconts at 260-280°C. for seven hours 
to obtain a product with acid number 16 and. softening point 95°C. 

With monohydric alcohols. The rosin esters of monohydric alcohols are of low 
softening point and are used as plasticizers in nitrocellulose lacquers. Asin the other 
instances, many methods of preparation have been devised. Waiser (45) described a 
continuous method for the esterification of rosin which consisted of passing rosin and 
the alcohol coucurrently through a chamber maintamed at 225-390°C. under pressure. 
Johnston (42) reports esterification without the use of catalysts if higher temperatures 
(260-360°C.) and high pressures (400-1700 p.s.i.) are used with anhydrous alcohols, 
provided the water produced durimg the reaction is removed. <A neutral ester can be 
obtained by distillation over soda ash. 

The more popular esters of rosin of commercial production and some of their prop- 
erties are listed in Table V. 

Uses of rosin esters (see also Vol. 4, p. 175). Ester gum is used extensively in 
cellulose ester lacquers for interior application because of its low cost, solubility in 
lacquer solvents, and the desirable properties it imparts to the lacquer. Of the cellu- 
lose esters, the nitrate is used most extensively as a lacquer component. The use of 
ester gum in a uitrocellulose lacquer increases the solids content, improves adhesion 
to wood, metal, and glass, and improves the gloss of the lacquer film. The require- 
ments for an ester gum for this purpose are a low acid number, below 10, and a light 
color. When good color stability is desired, the glycerol] ester of a stabilized rosin, 
such as the hydrogenated product (Stayhelite), is used. As with reactions at the 
double bonds, there are several instances of reactions at the carboxyl group wherein 
both functional groups of rosin are modified to obtain a product with the desired 
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properties. Ester gum has receutly been supplemented by the higher-melting maleic- 
modified glycerol and pentaerythritol esters. 

The methyl and ethyl esters of rosin are valuable constituents of lacquers used in 
interior, furniture, and wood applications since they act both as resins and plasti- 
cizers. Inexpensive, clear lacquers for wood furniture gloss finishes can be tmproved 
mneasurably in adhesion, luster, and distensibility by replacing part of the ester guni 
by methyl! resinate. ‘he methyl ester of hydrogenated rosin has been used extensively 
as a plasticizer for filui-formers such as ethyl cellulose, chlorinated rubber, and some 
vinyl resins. Jt is one of the few resins that will decrease the water sensitivity of ethyl 
cellulose films. 

Tester guin replaced the expensive fossil resins (that is, the copals, kauri, and congo 
(see Resins, natural)) in spar varnishes (q.v.) when it was found that a good waterproof 
varnish could be obtained with ester gum and tang ot. The latter imparts the re- 
quired water resisLance to the coating and the ester gum inhibits polymerization to 
give a smooth, nonfrosted film. With the technological advancements in the resin 
industry came the modification of ester gum with maleic anhydride and phenol— 
formaldehyde condensates which permitted improved and more versatile varnishes. 
Jn general, these modified resins have higher softening points and viscosities in pro-~ 
portion to the amount of modifier used. The maleic-modified resins are advantageous 
where light-colored, fast-drying, hard finishes are desired. The phenolie-modified 
resins are particularly outstanding for durability and chemical resistance. 

With the declining availability of tung oil, the varnish manufacturers have had 
to use the soft domestic drying oils (q.v.) such as linseed, fish, and soybean, with which 
ester gum cloes not produce a satisfactory varnish. The task of modifying the resins 
for use with linseed oil was accomplished by the development of the pentacrythritol 
esters of rosin (655). Like other rosin esters, these have been varied in properties by 
the type of rosin used in their manufacture as well as by modification with maleic 
anhydride and phenol--formaldehyde condensates. The pentaerythritol esters of rosin 
are prepared at temperatures sufficiently high that some disproportionation takes 
place to form a more stable nonoxidizable resin. Heat stability along with high 
softening point of about 135°C. makes the pentaerythrito] esters very satisfactory 
for use in varnishes based on soft crying oils, Varnish films made of linseed oi] and 
pentaerythritol esters, in contrast to those in which ester gum is used, dry much 
more quickly, show more resistance to both water and alkali, and possess greater 
mechanical rigidity. The excellent stability of pentaerythritol esters permits tke 
preparation of varnishes at 575°F. or higher, while soft oils will polymerize in the 
presence of the ester at these temperatures. 

The methyl and ethyl esters of rosin and hydrogenated rosin have been used in 
varnishes since they possess properties of resins, drying oils, and solvents. When 
cooked with drying oils, the methyl ester acts as the resin by imparting hardness and 
adhesion to the film. During the cooking cycle its resinous tendencies hold the oil 
polymers formed in permanent suspension and thus retard gelation and prevent after- 
bodying and seeding out of difficultly iniscible components. Although not strietly a 
solvent, the methyl ester exerts a strong action on the nonvolatile components of the 
varnish. This makes possible the production of varnish-type compositions with high 
solids content, low viscosity, and excellent wetting properties, 

The low-molecular-weight alcohol esters of rosins are also used in the preparation 
of masti¢ tile based on asphalt. Tn one example, the fibrous material such as asbestos 
or wool fibers was impregnated with the inethyl ester of rosin and saturated with as- 


806 ROSIN AND ROSIN DERIVATIVES 


phalt. In another, a mastic tile floor cover was composed of asphalt, asbestos fiber, 
60-95% animal oil pitch, and 510% inethyl ester of rosin or diethylene glycol ester 
of hydrogenated rosin. See also Vol. 2, p. 201. 

Esters of unmodified rosin are used in many adhesive compounds as tackifying 
resins in combination with rubber, waxes, synthetie rubber, and other elastomers; 
for example, many hot-melt adhesives such as label adhesives contain rosin esters. 
Also, rosin and its esters are used in making the paints for printed linoleum and in 
the backing paint on felt-base linoleum. 

Hydrogenolysis. Losin has been successfully bydrogenated to produce the 
hydroabietyl alcohol of commerce (the term hydroalbietyl is employed instead of abietyl 
to characterize more accurately the composition of the resin, sinee in the large-scale 
operation not only is the carboxyl group hydrogenated to the alcoho] but also the 
double bond configuration is altered), The chief component is the alcohol (ITT) from 
dihydroabietic acids. The alcohol may be produced by the hydrogenation of the 
methyl ester of rosin at 800°C. and 5000 p.s.i. in the presence of copper chromite 
catalyst (59). The commercial product is a soft, water-white, viscous material with 
a low acid number, 0.2, and a high hydroxy! value, 5.0%, indicating an 85% con- 
version to alcohols. Its resistance to air oxidation results from the high degree of 
saturation which is greater than that of some rosin derivatives. 
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"The alcohol has found uses as such or as an intermecliate in the preparation of 
ethers and esters. Tt has been recommended for use in the protective coatme industry, 
that is, in varnishes, lacquers, and polishes, beeause it behaves not ouly as a resin but 
also as a softener, tackifier, and plasticizer. Tt has found application as a plasticizing 
resin in lacquers prepared from ethyl cellulose, chlorinated rubber, vimyl derivatives, 
and nitrocellulose and in hot-nelt coatings with ethyl cellulose and vinyl polymers. 
The alcohol is used as a wotting agent m aiding in the dispersion of pigments in ve- 
hicles and in pebble-mill grinding of pigment pastes. With the water-soluble film 
formers such as casein and zein, the alcohol is used to impart improved tack, colar, 
and stability. With the nonwater-dispersible film-formers, it is used to produce 
good adhesive formulations of the pressure- and heat-sensitive types. The resin has 
been used as a modifier in the asphalt industry and with bittmminous-type compositions. 
Textiles have been made water-repellent by impregnating them with a liquor contain- 
ing a weak acid and a product of betaine-type constitution substituted at the betaine 
nitrogen with hydroabietyl alcohol. Little (57) suggested sizing textile fibers before 
weaving by treating with a mineval oil solution of hydroabietyl alcohol or its ester with 
or without the addition of starch or gums. 

Hydroahbietyl alcohol has been reacted with inorganic and organic acids to pro- 
duce resin esters with a wide range of physical properties. It is particularly useful as 
a chain-terminating reactant in high-viscosity oil-modified alkyds and provides 


effective viscosity control. Tt has been sulfated with sulfuric acid in car- 
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hon tetrachloride to reduce the viscosity of the sulfation solution and insure 
au more rapid reaction and decreased decomposition. The solution is neutralized 
with alkali to produce the sodium salt and the solvent evaporated at low temperatures 
to avoid excessive darkening. Metal cleaners of the allcaline type that contain the 
sodium salt of the sulfate of hydroabietyl alcohol are quite effective and compare 
favorably with all others. 

Ammonolysis. The action of ammonia on a stabilized rosin at elevated tem- 
peratures yields a nitrile; the commercial product is known as Hercules Rosin Nitrile 
D, It isa pale yellow, wuxy solid with softening point about 65°C., containing 85- 
95% of nitrile from which the nitrile of dehydroahbietic acid can be crystallized with 
m.p, 87-88°C. Rosin Nitrile D may be used as a stabilizer aud plasticizer in film- 
formers, as an auxiliary agent in the textile industry, and as an additive in lubricants 
and fuels. However, it is chiefly used as the intermediate in the production of an 
amine, Hercules Rosin Amine D (IV), by catalytic hydrogenation at elevated tem- 
perature and pressure. The commercial product has a density of 0.997, refractive 
index 1.5410, neutral equivalent 317, and nitrogen content 4.2-4.5%. 

The anine is a relatively weak base that forms salts with both mineral and or- 
ganic acids at room temperature in suitable solvents or at elevated temperatures. 
The hydrochloride is slightly soluble in water whereas other mineral acid salts are 
substantially insoluble. The salts of low-molecular-weight organic acids such as the 
formate and acetate are water-soluble, whereas the stearate, resinate, oleate, and 
lauvate are insoluble in water. The stearate, oleate, and naphthenate are quite solu- 
ble in petroleum solvents, lubricating oils, alcohol, and aromatie hydrocarbons. 

The amine has been used effectively as a cationic flotation agent for the bene- 
ficiation of nonmetallic ores by flotation of the siliecous minerals and for the flotation 
of certain sulfide ores (50). The acetate is preferred because of its solubility in water. 
Both the amine aid some of its salts are excellent bactericides, fungicides, and algae- 
cides. The pentachlorophenate of Rosin Amine D has been found to be an execllent 
industrial fungicide in preserving wood, textiles, paper, and felt susceptible Lo rot 
und decay, The mereury and copper complex salils have also shown promise as 
fungicides and mildeweides. The amine and its salts have also been used in the 
breaking of oil emulsions and as anticorrosion agents in recirculating water systems. 
Some of the salts strongly accelerate the curing of rubber. Oil-soluble salts can be 
used as anticorrosion agents in lubricants. The salts are also used as rust inhibitors, 
antioxidants, stabilizing agents for chlorinated products, and in improving adhesion 
of asphalt to siliceous matter. Polyoxyethylene derivatives are effective corrosion 
inhibitors im oil wells, oil refineries, and hydrochloric acid cleaners. 

Decarboxylation. Vassiliev (35) investigated the decarboxylation of rosin (a) (see 
Table VI) with 5% zine chloride as catalyst at 120-200°C. to obtain a 75% conversion 
to resin oil. Whitmore and Crooks (87) also decarboxylated rosin (b), using phos- 
phorus peutoxide catalyst. The results of the two experiments agreed well in the na- 
ture and amount of each fraction. The light oil, thought to be composed of decar- 
boxylated resin acids, was the main fraction. Fair agreement was obtained also when 
no catalyst was used (c) at higher reaction temperatures on a commercial scale (35). 
Vassiliev concluded that catalysts do not alter the course of the reaction but simply 
permit its completion at lower temperatures. 

Other methods use such catalysts as sUiceous earths, aluminum hydrosilicate, 
and boric and sulfonic acids. Rosin oil with a low acid number was prepared (43) 
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TABLE VI. Products from Decarboxylation of Rosin. 











Product 


Water. ccc ee eee . 
Tosin spirits... es 4.5 8.0 6.0 
Light oil (b.p. mm. 215-2000.) 52.6 52.5 70.4 
Heavy oi (b.p.24 mm, 260°C. andabovey.......... °° 17.5 10.0 23.5 
Residue. 0.00 ee 8.7 —_ — 


by heating 300 parts of rosin with 28 parts of activated fuller's earth at 200-280°C. 
until the evolution of water, carbon dioxide, and carbon monoxide ceased. When the 
catalyst was activated with hydrochloric acid, the reaction could be carried out at 
155°C. And finally rosin was decarboxylalted under catalytic hydrogenation condi- 
tions. Using nickel supported on kieseleuhr as a catalyst, Waterman (36) treated 
rosin at 350-410°C., with hydrogen at 100 kg./sq. em. pressure for 80-190 minutes 
to obtain a rosin oil with no acid number, low bromine uumber, and molecular weight. 
indicating CyyHy and CopHs hydrocarhons. "The rosin oi] obtained from this process 
is nore stable to atinespheric conditions such as air oxidation, 

The major portion of the rosin oil is manufactured by the destructive deconposi- 
tion of rosin with or without catalyst and is usually sold in the crude form. Refining 
is sometimes resorted to, the purpose being to remove traces of acid and “bloonr” 
(or fluorescence) to obtain a nearly odorless product. Neutral oil does not resinify 
on exposure to air, whereas first-run oil, which contains resin acids, will resinify and 
slowly dry when exposed to air in thin films, A neutral oi} can be readily obtained 
by the addition of caustic to the still charge. The product, is clanned to be free of 
penetrating odors, 

Rosin oil is a poor conductor of heat and electricity and possesses a remarkable 
power for penetration of paper. Both properties lead to its extensive use in the mamu- 
facture of paper-wrapped electric cables and the latter property to its use in printing 
inks. One of the nore important outlets for rosin oil is in the manufacture of “sett” 
greases. They are composed of rosin oil, & mineral lubricating oil, water, and calciun 
resinate. They constitute the less expensive grades of lubricants, important in the 
lubrication of rough, heavy bearings operating at slow speeds, and in the logging in- 
dustry, where a cheap grease is required for the hibrication of skidways. Sone manu- 
facturers have shown preference for rosin oil resistant to air oxidation for the prepara- 
tion of greases. This can be accomplished by preparing them according to the method 
of Waterman (6) or by the decarboxylation of a stabilized rosin, such as the hydro- 
genated or disproportionated product. Rosin oil is also used in rubber reclaiming, 
foundry core compounds, linoleum, burlaps, waterproofing concrete, in shoe polish 
to prevent drying and cracking, and as a component of Burguudy and brewer's pitch. 
Hoeker (40) prepared an insulating varnish composed of rosin oil, glycerol, tung oil. 
and ester gum. 
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G. C. Harris 


ROSINDOLE DYES. Sce Tr¢tphenylmethane dyes. 

ROSINDULINES. See Azine dyes, Vol. 2, pp. 216, 217. 

ROSIN OIL. See Rosin and rosin derivatwes, p. 807, 

ROTAMETERS,. Sec Fluid mechanics, Vol. 6, p. O48. 

ROTENONE, C3He205; ROTENOIDS. See Insecticides, Vol. 7, p. 889. 

ROTOGRAVURE. Sce “Gravure printing’ under Printing and reproducing processes, 
p. 141. 


ROUGE. See Abrasives, Vol. 1, p. 5; Cosmetics, Vol. 4, p. 545; ‘“Vervie oxide’ under 
Iron compounds, Vol. 8, p. 61. 


RUBBER, CHLORINATED. See Resins from rubber, 
RUBBER, CYCLIZED. See Resins from rubber. 


RUBBER, NATURAL 


The famous English chemist Joseph Priestley is credited with the name rubber being 
used to describe the natural elastic gum so widely used today. In his Introduction to 
the Theory of Perspective, 1770, there is an observation recorded that he had examined 
“a substance excellently adapted to the purpose of wiping from paper the marks of a 
hlack lead peneil.” La Condamine in his reports to the French Academy around 
1735 refers to the native rubber of the Amazon hy the Indian name ‘“‘cahutehw? and 
from this was derived the name “caoutchouc,’”’ which is frequently used to describe 
natural rubber. See also Rubber, synthetic; Rubber chemicals; Rubber compounding 
and fabrication. 

Natural rubber is obtained from certain types of plant which yield a white milky 
substance when the surface is either cut or wounded. The original source was from 
many wild species of Hevea, Manihot glaztiovdi, Custilloa elastica, Fieus elastica, Lan- 
dolphia, and other lesser known plants, From the Partheniwn argentatum shrub of 
Mexico and Texas, guayule rubber is obtained (see p, 824). Depending upon the 
source, the wild rubbers differ in purity, molecular weight of the rmbber hydrocarbon, 
and other chemical and physical characteristics. However, the “elastic” and “water- 
proofing” properties which were of so much interest to the Indian natives are common 
to all. Practically all of the rubber used today comes from the Hevea brasiliensis 
which was originally from the Amazon section in South America, 
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The seeds of this tree were taken from the Amazon in 1876 by the British and 
planted in their hotanical gardens and from there the seedlings were sent to the British- 
owned lands in Eastern Asia (ref. 18, p. 12). From these trees the beginning of the 
uatural rubber plantations in Malaya, Indonesia, Ceylon, and other parts of the world 
was started. In 1899, four tons of plantation rubber was produced from -.000 acres 
under cultivation; by 1910 production had increased to 8200 tons with 1,125,000 
acres planted. By 1922 plantation rubber accounted for 938% of the world rubber and 
ten years later it thereased to 98% (ref. 18, p. 195). 

Table I, which was used in a Reconstruction Finance Corporation Report of March 
1, 1953, entitled “Program for Disposal to Private Industry of Government-Owned 
Rubber Producing Facilities” by H. A, McDonald, Administrator, shows the natural 
rubber production since 1940. Compared with the 1952 production of 184 million 
long tons of natural rubhey there were produced 880,000 long tons of synthetic for the 
same period. Jor the natural rubber, 10,000,000 acres were required, which is the 
world area used for producing natural rubber, at the rate of approximately 415 Ib./ 
acre/year average yield. This average is made up of inefficient and low-producing 
estates where the yield may be as low as 250 to 300 Ib./acre and up to as high as 2500 
lb. /acre for some estates using the new high-yielding clones, 


TABLE I. World Production of Natural Rubber. 
(1,000 Long Tons) 














Ruhber-pradueing area 1940 1047. —«1948 1949 1950 1951-1952 (prelim.) 
Malaya 547 646 698 672 694 605 578 
Indonesia 543 278 432 432 696 805 740 

seylon $0 89 95 90 14 105 95 
Thailand 44 53 96 94. 112 109 98 
Indochina G4 88 44 43 48 42 59 
Other Asin and Oceanic 85 82 8Y 87 Wit 97 87 
Africa 16 39 42 45 55 72 70 
Tropic America 26 35 20 27 27 30 35 

Total 1415 1260 1525 1490 1860 1875 1760 





The United States consumed 450,000 tons of natural and 810,000 tons of synthetic 
for 1952 for a total of 1,240,000 tons or 48% of the world’s available supply. The in- 
eteased cost of natural rubber as compared to synthetic was the primary factor for 
the drop in consumption from 598,843 tons in 1948, 538,405 tons in 1949, and 664,130 
tons in 1950, to 407,265 tons for 1951 (the beginning of the price increase in natural 
rubber) (19). The fluctuation in the price of natural rubber has been one of the big 
unstabilizing factors in the rubber industry. From a high of $2.88/Ib. in 1910 the price 
of No. 1 ribbed smoked sheets went to a low of $0.03/Ib. in 1932. In recent years the 
price fluctuated from a low of $0,14/Ib. in 1947 to a high of $0.85/Ib. in 1950 (19). 


The average Hevea tree grows 40-50 ft. tall and has dark oval leaves about 8 in. long, three in a 
cluster. It requires & moist, warm climate, and grows well up to 1600 foot altitude. It needs 70-100 
in. annual rainfall. Although the tree can be grown in temperate zones, it hag its maximum yield 
when located within 15 degrees of the equater. The economic life of the tree is still unknown but is at 
least 40 years (19). 

There are a number of tree diseases and pests that affect the yield of rubber from a tree. Root, 
tapping panel, stem, and leaf diseases are quite common. Especially in South America, the leaf dis- 
eases have been responsible for inefficient rubber production. The South American leaf disease 
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occurs on wild Hevea trees in the Amazou basin and spreads to other areas where plantations have 
been established. ‘The disease is not tuo serious on the wild Hevea trees but ona plantation where the 
trees ave close together it has a devastating effect. Fungicides containing copper compounds and 
sulfur are used to combat the disease. Clones and strains of Tevea which are resistant to the disease 
have been planted. Fortunately, this disease has not invaded the Par Lastern plantations to any 
great extent. Root diseases, caused by fungi which live in the earth, are also important, and when 
the trees are about five to seven years old they are highly susceptible. Dry root rot is caused by air- 
carried spores which infect the tree at 2 damaged root surface. Brown bast is a physiological condi- 
tion of (he bark brought on largely by overtapping. Resting the tree usually overcomes this. Some 
trees have more resistance to brown bast than do others (17). 


Crude Natural Rubber 


Collection and Compesition of the Fresh Latex. The rubber is obtained from the 
tree by asystematic tapping” procedure which consists in cutting at an angle through 
the bark of the tree to the cambium, A small collection cup is haug at the end of the 
cut and the white-colored latex which consists of from 30 ta 86% rubber hydracarhou 
flows slowly from the tree wound. The latex also contains about 0.80-0.7% ash, 
1-2% proteins, 2% resin, and 0.5 quebrachitol. The composition of latexes varies in 
accordance with the various parts of the tree; generally speaking the rubber percent~ 
age decreases from the trunk to the branches and the leaves (ref. 1, p. 346). The 
seasons alfect, the conrpasition of the latex as does the type of soil and the type of Flevea 
clone. Rubber is an irreversible excretion or waste prodnet of the tree and the more 
that is removed froin the tree the more the plant regenerates it. Rubber is formed in 
and by the protoplasm. Jt is built up from the lower polymerizing elements by a bio- 
chemical reaction which is based on enzymatic-catalytic reactions (ref. 1, pp. 316, 
366, 372). 

The fresh latex is processed into dry rubber as soon as possible after collecting. It 
is first. strained through a sieve made of perforated plate in order to remove the im- 
purities such as leaves, bark, and dirt. It is then diluted from 30-35% dry rubber to 
approximately 12%, Some plantations use a device known as « Metralac (a specially 
constructed lydrometer) which establishes the solids content, of the latex without 
runing a total solids evaporation test, After dilutiou the latex is allowed to stand 
for a short period of time to allow nonstrainable material such as sand and sludge ta 
settle. Itis then ready for the coagulation step. 

Formic acid is considered to be the best coagulaut for natural mibber but acetic 
acid is also widely used. Other acids, aud potassium or ammonium alum, have been 
used as coagulants. The quantity of acid required depends upon the condition of the 
trees, and the climatic conditions. When the trees are young the latex is unstable 
and some ammonia has to be added to the latex at the time of tapping to insure stabil- 
ity until processing. Allowance is made for this ammonia in determining the acid 
requirement. Usually, for older trees when no ammonia has been added, about 40 ml, 
of formic acid (90%) for each 100 liters of latex (at 12% solids) isrequired. ‘The acid 
is diluted with water to 4% concentration before using: (17) and then thoroughly mixed 
with the latex. The acid balance for fresh latex must be carefully controlled because if 
an excess is added no coagulation occurs. The interval pH range of 5.05 to 4.77 is 
classified as the transitional stuge or isoelectric point, and this is the stage at which 
coagulation or gelation of the rubber occurs. It is also referred to as the first solid 
zone. 


Crepe Rubber. For the preparation of crepe rubber the use of sodium bisulfite, 
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NaHSO;, which has a retarding effect on the oxidases and inhibits discoloration and 
softening, is quite common. Liquid inercaptuns (such as a preparation containing 
xylyl mercaptan in an inert hydrocarbon) have receutly received some acceptance 
for the same purpose. Based on 100 tb. of dry rubber in the latex, about. 0.5 lb. of 
sodium bisulfite is required. After the acid and returder have been added, the wet 
coagulinn is allowed to drain for about two hours. he coagulun is passed through a 
creping machine consisting of two rollers with lougitudinal grooves wpon which water 
issprayed. ‘The rolls operate with different rotational speeds ancl when the wet rubber 
passes through, it undergoes a shearing und mastieating action which exposes new 
surfaces to be washed. Several of these machines are used in series, and when lhe 
sheet emerges it has an uneven rough surface resembling crepe paper. Some pro- 
ducers use a smooth roll machine for finishing which results in a nore wiiform surface 
(11), 

Inferior quality crepe is preduced from dried latex fihn pulled off the bark of the 
tree and from latex which has heen discolored. This is thoroughly washed with water 
on the creping machines, and is processed in much the same manner as the higher 
grades, The manufacture of crepe has been decreasing because of the use of concen- 
trated latexes for purposes for which crepe was formerly used. At the present time 
No. 1 latex crepe is listed at #0.4075/lb. or $0.0825/lb. more than No. 1 smoked sheet. 

Smoked Sheet. In the preparation of smoked sheet, coagulation is earried out in 
long tanks about 3 ft. wide and | ft. deep. On the sides of the tank are vertical grooves 
about 1.5 in. apart fitted with metal plates which run across the width of the tank. 
The diluted latex is poured into the tank with the plates removed and dilute formic 
acid is added and thoroughly stirred into the latex. The division plates are inserted 
and after standing for about 16 hows, the tough slabs of coagulum which have formed 
between the plates are removed (17). The slabs are passed through smooth rolls 
moving at the same speed with water sprayed over the ceuter of the rolls. Usually 
about three or four of these machines are used. The clearance of the rolls is decreased 
from one machine to the next and the final machine has ribbed rolls which gives 2 
tibbed pattern to the rubber, This marking results in a greater surface being ex- 
posed which facilitates drying and prevents the sheets from adhering together in a 
solid mass. The sheets are allowed to hang for a few hours in the open after which they 
are hung in a drying shed or smoke house where the temperature is regulated and kept 
between 40 and 50°C. After about 10 days the sheets ave ready for bailing, he 
dvying procedure makes the rubber amber colored, and the removal of the water makes 
the opaque sheet translucent, 

Smoked sheets have both advantages aud disadvantages as compared to crepe. 
The practice of smoking rubber goes back to Brazil where the natives originally dried 
the para rubber over fire to make the rubber tougher. Because of the relatively low 
water desorption rate of the rubher, time and heat were required. This practice car- 
vied over to plautation rubber. The antiseptic action of the smoke may prevent bac- 
terial decomposition of the serum constituents which activate the ripening of rubber 
aud thus the rate of vulcanization is increased. However, it has been established 
that long smoking periods tend to depolymerize the rubber resulting in lower stress/ 
strain properties and poarer aging chavacteristics. The use of thinner sheets, lower 
temperatures, better air circulation, shorter drying times, and a two-stage drying pro- 
cedure has been employed to improve the physical properties of the sheets. | 

The sheets are inspected by holding them up to alight. Any dirt, such as bark 
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or leaves, is clipped out. The sheets are rubbed with a wire brush to remove surface 
splinters and then placed in the classified piles. There are usually five standard grades 
available in the U.S. called standard RSS (ribbed smoked sheet) Nos. 1, 2, 3, 4, and 
6 (14,17). 

In March 1958, the natural rubber market quoted RSS No. 1 at $0.8250/Ib., 
RSS No. 2 at $0.3125/tb., and RSS No. 3 at $0.3025/lb, There is also a very special 
grade of smoked sheet which conmmands a higher price than RSS No. 1 and is classi- 
fied as RSS No. LX (17). 

Besides the color and quality, classification sLeps have been taken to technically 
classy rubber (T.C, rubber) by rate-of-cure or modulus values. A sample of the rub- 
ber is compounded using a standard vuleanization formula, cured, and the tensile 
strength of the rubber at 600% elongation is determined, This latter value is called. 
the modulus. A red marking on the bale indicates a low-modulus rubber, a yellow 
marking a medium-modulus rubber, and « blue marking a high-inodulus rabber (25). 
In the United IXingdoin consumers tend to prefer the yellow class, whereas in the U.S, 
the yellow and blue classes are preferred. Few cousumers have indicated a prefer- 
ence for the red or slow-curing rubber. The pattern of distribution of the T.C. 
rabber is as follows (25) : 








Red Yellow Blue 
Malaya 29% 68% 3% 
Indo-China 3% 54% ABN 
Indonesia 14% 53% 3% 


These differences in the distribution may result from variations in estate procedure 
and technique of preparation, By variations in methods of production, the possi- 
bility exists that the desired type of T.C. rubber may be produced. 

Dr. Geoffrey Gee, Director of Research of the British Rubber Producers’ Re- 
search Association, states that, when the French producers took the initiative in intro- 
ducing techuically classified rubber, they dealt with two different properties, modulus 
aud viscosity, which were intended to measure respectively vulcanization aud process- 
ing characteristics. Tixperience has proved, however, that ouly the classification by 
modulus is useful and valid. The viscosity measurement has proved much less satis- 
factory, mainly because (2) it has not been found possible to prevent, or to control, 
the storage-hardeniug effect and to predict the oxtent to which tt will occur, and (2) 
it has been found that the plasticity test. does not predict the processibility of natural 
rubber as it does that of synthetic rubber. Because of these shortcomings the plasticity 
Lest, may shortly be suspended (12). 

The standard-size bale of rubber measures 48 X 48 & 61 am. (19 X 19 & 24 in.) 
and the volume is about 5 cu.ft. The bales are packed using a baling press and are 
either strapped with steel or the outer layer of rubber is made to adhere firmly to the 
under rubber (by a slight applied pressure) to make a protective sheeting, ‘The outer 
surfaces are dusted or treated with tale or other “Ilubricavt” to keep the bales from ad- 
hering during storage. The grade, identification of the producer, weight, and place 
of origin are marked on the bale (ref. 1, pp. 315-16). 


CHEMICAL CONSTITUTION 


From the reactions of rubber the indication is that the structural unit of the rubber 
molecule is the CsA group which is able to add two univalent groups. The constitu- 
tion of the principal repeating unit is (ref. 18, p, 453): 
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i. 
CH, --C—=CH—-CH, 





The purified hydrocarbons of rubber, balata, and gutta-percha, which have the same 
general chemical properties as those of rubber, have the same empirical formula, 
(CsHy),, However, whereas balata and gutta-percha are tough horny substauces, 
rubber is soft and flexible. An examination of the physical properties of these sub- 
stances establishes that the chemical differeuce between rubber, and gutta-percha and 
halata (see p. 825) is that they are stereoisomers aud rubber has the cis form (ref. 18, 
p. 210): 


Ha C E T Hy; C H H 2! Cc H 
_— vA a oa NS va 
C=C C=C 6) 
“ “ a SN, < Ny 
—CH, CHy—CR, CH.—Cih, CTL 


while gulta-percha and balata have the trans form: 


IC CHy--CH, HAC CH. 
/ _ a 
U=G C=C c= 
aa! OU™N LooOoO™ foo™N 
—CH; H  OHLG CH, —CH, ir . 


Raw rubber dissolves incompletely in ethyl cther (10) and this fact serves to dis- 
tinguish between the sol fraction and the gel fraction; the gel fraction is Insohible. 
The hydrocarbon in Hevea rubber latex just taken from the tree has a very broad 
molecular-weight distribution which ranges from several million down to below 100,000 
(estimated using Magat’s values of the constants A and @ in the Flory-Houwink 
equation [7] = AM* and confirmed by osinotic pressure measurements). See Osmotic 
pressure; Polymers, Towever, the inajor portion of the hydrocarbon is in the high- 
molecular-weight, range with intrinsic viscosity in excess of 6 (mol. wt. above 105). 
Considerable differences in average molecular weight are found between one tree and 
another (16). 

The molecular weight of raw rubber is lower than that of fresh latex, but may be 
as high as 460,000 (27). The decrease in molecular weight from tbe latex state to the 
raw rubber state is due to the breakdown of the polymer which occurs in the creping 
and sheeting operations. When the rubber is compounded, the milling necessary for 
proper distribution of the chemicals throughout the mass results in an additional de- 
crease In molecular weight. 

Solvents for Natural Rubber. The solubility of raw rubber in its common 
solvents is not very great. A breakdown of the rubber either by chemical means, such 
as by an oxidizing agent, or physical means, such as by a rubber mill, is required in 
order to make a solution of 10% concentration. The rubber cements and solutions 
of commerce are all made by methods of this type. For practical purposes the most 
common solvents for rubber are benzene and naphtha (petroleum distillate). Other 
good solvents are trichloroethylene, tetrachlorocthane, pentachloroethane, carbon 
tetrachloride, chloroform, tolucne, xylene, kerosene, and ether (6). When rubber is 
dissolved in a solvent it first swells slowly to a gel-like consistency and this disperses to 
fon a solution. Raw rubber is capable of taking up from 10 to 40 times its own 
weight in solvent which sets to a gel at room temperature. The Tyndall effect, 
characteristic of colloidal dispersions, is obtained in rubber solutions. This phenom- 
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enon is the result, of protein matter, serum constituents, and some insoluble rubber 
contained in the solution (3). 

The viscosity of raw rubber solution is high; however, it is so sensitive to the action 
of light, beat, and chemical agents that quaititative data are hard to obtain and un- 
reliable. he following table lists the viscosities of solutions containing | gram of 
pale crepe per 100 1n1L. of solvent (6). 


Solvent... ee ee Chloroform Bengene Ether Naphtha 
Viscosity, centipoises......... 15 it 2.5 2.0 


Effect of Heat. Crude rubber heated at 200°C. becomes soft, and solutions of this 
rubber have lower viscosities but the wanber of double bonds remains the same. When 
crude rubber is heated above 250°C, removal of the doubie bonds and the formation 
of rings occur (ref. 18, p. 195). This change to a ey¢lorubber results in an increase int 
density and solubilily, and the product is a hard, brittle resin. 


CHEMICAL RUACTIONS 

Hydrogenation of rubber has been accomplished by treating a dihite solution of 
purified rubber in a mixture of hexane aud inethyleyelohexane with hydrogeu, usiig 
platinum black as a catalyst. Hydrogenation has also been carried out by treating 
rubher at elevated temperatures and pressures with hydrogen, Hydrogenated rubber 
is a trausparent crystalline material which is nonelastic (8). Rubber reacts with halo- 
gens. The addition of chlorine to the rubber hydrocarbou is accompanied by the for- 
mation of hydrogen chloride. Chlorinated rubbers are commercially produced for 
applications in acid- and alkali-resistant paints und varnishes aud for adhesives, 
The product is an amorphous inelastic material; in its connnercial form it is a yellow 
powder, The bromine addition praduct of rabber has been used for analytically deter- 
mining the rubber hydrocarbon of raw rubber (3). The reaction of rubber with iodine 
yields a yellow powder that is unstable. 

The reaction of rubber with hydrogen halides results in the disappearance of one 
double bond for each C;Hs group of the molecule resulting in (CsHs.HX),, rubber 
hydrochloride, which is of conimercial inportance (ref. 18, p. 116). (See Resins from 
rubber.) 

‘The oxides of nitrogen react on rubber and, accompanying a degradation of the 
rubber molecule, uitrogen and oxygen enter the rubber molecule (ref. 18, p. 200), 
Raw rubber reacts slowly with oxygen in air becoming soft and sticky and then resin- 
ous. In the presence of light this reaction is gveatly accelerated. The oxidation rate 
of rubber wider normal storage conditions can be decreased by the incorporation into 
the rubber of a small quantity of an antioxidant such as N- phemyl-2-uaphthylanine. 
Tn the presence of light the antioxidant results in greater oxidation (3). 

Oxidizing agents such as nitric acid, peroxybenzoic acid, CsHs;COOOH, and other 
peroxides, and permanganate all act as oxidizing agents for rubber. Ozone attaches 
itself to the double bond of rubber to form rubber ozonide (CsH,Os)s (ref. 18, p. 458). 
A popular theory of nermal oxidation of raw rubber postulates the initial formation 
of an unstable peroxide of the rubber which in turn is transformed into a stable oxide. 
Tf an autioxidant is present, it, also enters into chemical combination, and the product 

' decomposes to the original inaterials, that is, rubber, antioxidant, and oxygen. Per- 
oxides are catalysts of polymerization as-well as depolymerization. Oxidation of raw 
rubber by concentrated sulfuric acid results ina reddish brown product with the empiri- 
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cal fornia CyHuO. Copper and manganese increase the rate of oxidation of raw 
rubber; they are especially active in the preseuce of iron, As little as 0,00005% 
copper in raw rubber is sufficient to cause rubber to soften and hecome taeky on 
storage. 

By heating rubber with about 1.0% of either an organic sulfonyl chloride or an 
organic sulfonic acid at 125-135°C. it is converted into a tough, thermoplastic resin 
which resembles gutta-percha. These products are called thermoprenes. Cyclo- 
rubbers are also prepared by the action of stannic chloride on rubber dissolved in ben- 
zene to give (CsHs)SuCl, which is decomposed in alcohol to yield a soluble isomer 
(75%) and an insoluble isomer (25%). Both products have the empirical formula 
CsH, and are amorphous by x-ray spectrographs. They soften at 225°C. and are 
white powders. The soluble isomer is soluble in beuzene and the usual rubber sol- 
vents and the solutious have low viscosities. (See Resins fram rubber.) 

Practically all of the rubber goods produced for industrial use are vulcanized or 
combined with sulfur to a greater or lesser extent and if is in the vulcanized form rather 
than in the raw form that most people recognize rubber. (See Rubber compounding.) 


PHYSICAL PROPERTIES 

‘The physical properties of raw rubber vary with temperature. At low tempera~ 
tures it becomes stiff and when it is frozen in the extended condition it has a fibrous 
structure. When it is heated to over 100°C. it becomes sof and permanent changes 
occur (8). Raw rubber has a high permanent set due to its plastic nature, The 
plasticity of rubber varies from tree to tree, aud also depends on the amount of working 
given to the rubber in converting it from the latex, the various bacteria that are present 
which influence oxidation, and other factors. The plasticity can be varied within cer- 
tain ranges by chemicals. 

The coefficient of cubical thermal expansion is high for raw rubber, 670 X 107% 
When rubber is extended heat is evolved; this is generally termed the Joule effect. 
Stretching raw rubber 820% generates 680 cal./gram of rubber (8). The heat of 
combustion of raw rubber is 10,547 cal./gram. The specific heat of raw rubber at 
room temperature is 0.502, The electrical properties are influenced by the water- 
soluble impurities which also affect the water-albsorbing properties. Crepe, thoroughly — 
washed and dried, has a volume resistivity at 25°C., after 1 minute application of 
potential, of 4.0 X 10% ohm-em., latex-sprayed rubber 1.0 * 107 ohm-cem., and smoked 
sheet 1.0 X 10% ohm-cm. When the raw rubber is purified by caustic digestion and 
extracted with water and alcohol it has a volume resistivity of 2.10 * 10% ohm-cm. 
The refractive index of raw rubber at 20°C. is 1.5195 for smoked sheet, and 1.5218 for 
crepe (8). 

The specific gravity of raw rubber depends on its condition: in the frozen state at 
0°C. it is 0.950; when it is raised to 20°C. it is 0.934. Thawed raw rubber after masti- 
cation on cold rolls shows no change in specific gravity. The grain effect of raw rubber 
is noticed in the stress/strain properties. Raw rubber that has been passed through a 
calender at 80°C. exhibits tensile strength at brealc of 15.0 kg./sq.em. and an clonga- 
tion at break of 118% when measured with the grain as compared to a tensile strength 
of 2.9 kg./sq.cm. and an elongation at break of 513% when measured against the grain, 
As the time of mastication is increased the elongation with the grain increases and the 
tensile strength decreases and these values approach those across the grain (8). 

When raw rubber is stretched and allowed to set for a period of time, it does not 
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completely returm to its original state. Tf the rubber is then heated it recovers more 
than at room temperature. This phenomenon is referred to as residual set or per- 
manent stretch and is common to rubber. Smoked sheet elongated 200% for 240 
minutes at room temperature and then released has a permanent set of 67.5% after 10 
days at room temperature and 47.5% after heating at 100°C. (8). Rubber exhibits 
resilience properties. Stnoked sheet, has a rebound at 24°C. of 64.5% (a ball dropped 
on it rebounds to 64.5% of its original height) and aftey thorough mastication it is 
decreased to 48% (ref. |, pp. 315-16). The plasticity of rubber is very important for 
processing. X-rays of unstretched raw rubber show it to be amorphous, but on stretch- 
ing interference fringes appear which indicate a crystalline stricture. When the 
stretched rubber is heated or put m a solvent vapor the erystalline rings disappear. 
Raw rubber absorbs water. Crepe can take up to 9.1% water when tnmersed in 

boiling water for 30 minutes; at 50% rh. and 18°C. it will take up 0.3% water. The 
coagulants tised in preparing the rubber from latex have an effect on the water absorp- 
tion; usmg hydrochloric acid, sulfuric acid, or alum usually results in rubbers with 
redatively high water sorption properties. Purified rubber has very low water sorption 
properties (8). 

’ A wide variety of materials are soluble or may be dispersed im raw rubber such as 
sulfur, dyes, stearic acid, M-phenyl-2-naphthylanine, mereaptohengothiazole, pig- 
ments, Oils, resins, waxes, carbon black, and other materials (4), 


Natural Rubber Latex 


Preparation. Up until about 1930 the use of the latex of natural rubber for mak- 
ing anything but crepe and smoked sheet was confined almost exchisively to a few 
small industrial uses. The solids coutent of fresh latex as it flows from a plantation 
tree of average age is between 32 and 38%. The latex solids from younger trees is 
sometimes as low as 20% and for older trees and trees that have not. been tapped for a 
long period of time the solids is ag high as 45%. Although approximately 90% 
of the solids is accounted for by the rubher hydrocarbon there are also present enzymes, 
proteins, resins, sugars, tannin, alkaloids, mineral salts, aud some bark constituents 
(11). Some of these nonru)sbers are responsible for the stabilization of the colloidal 
particles of rubber in the water. Others affect the color of the latex, and still others 
are partially responsible for the physical characteristics of the rubber contained in the 
latex. 

As it flows from the tree, the latex is almost neutral, bub enzymic and bueterial 
action soon changes it into an acidic condition and the rubber tends to coagulate. 
Tn order to inhibit the coagulation and te keep the latex in a stable colloidal condition, 
preservatives and bactericides are added as soon as possible after the latex comes frart 
the tree. The most common preservative is ammonia, but formaldehyde, sodium 
bydroxide, soap, and certain bactericidal chemicals such as salts of pentachlorophenol 
are also used. The usual plantation practice is to place a sinall quantity of ammonia 
water in the collection cup so that the fresh latex flows into the stabilizer. After 
the latex has been collected it is taken to a station where additional anunonia iy added 
in the form of gas. 

Aminonia is preferred over the other preservatives because it has bactericidal 
properties and increases the pH of the system thus making it more stable; if there is 
too much ammonia present when the latex is used in certain processes the ammonia 
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may be decreased by simple aeration, or by the action of formaldehyde which yields 
hexamethylenetetramine. This last chemical is an accelerator of vulcanization and 
usually does not interfere in the various latex processes. The disadvantages of using 
ammonia are the relatively high cost, disagreeable odor, and loss due to volatilization. 
Also, indications are that ammonia-resistant bacteria strains may be developed in 
latex that tend to lower storage life. Latex stabilized with 0.70% aminonia calculated 
on the total weight of the latex (at 35-40% solids) exhibits a big increase in bacteria 
count during the first few days of storage and then it becomes sterile; it keeps this 
condition for some months, Besides its bactericidal property and its alkalinity, 
ammonia reacts with the naturally oecurring fatty acids in the latex and these soaps 
formed 7n situ are adsorbed on the rubber particles to stabilize the latex further. 

The addition of formaldehyde to fresh latex hardens and dehydrates the protein 
layer and, because it is a very strong bactericide, it inhibits the bacterial action which 
leads to coagulation. ‘Trisodiumu phosphate used with it increases pH and aids in 
inhibiting coagulation. 

The use of fixed alkali such as sodivin hydroxide for stabilizing latex results in very 
stable latexes which ave relatively easy to concentrate to higher solids. However, the 
rubber produced by these latexes is hygroscopic, hus a tendency to be stieky, and the 
strength of the polymer is reduced. Because of the hygroscopic nature of the allcalies 
they have to be added to the latex as 20% solutions or less, otherwise local coagulation 
is experienced. The quantity added is about 0.65 gram per 100 grams of latex. For 
commercial use there is practically uo fixed alkali-stabilized latex made. However, 
it is used in stnall quantities in addition to soaps and ammonia for some types of latex. 

The bactericidal chemicals such as sodim pentachlorophenate are seldom used 
by themselves for stabilizing latex but are mostly used with ainmonia. If the equip- 
ment used for processing natural latex is not kept clean and thoroughly washed at 
frequent intervals, ammonia-resistant bacteria strains are developed and a strong 
bactericide is required. 

Normal Latex. Normal latex is fresh latex that has been suitably stabilized and 
from which some of the sludge has heen allowed to settle. It also undergoes a slight 
creaming action which increases the solids to about 40%. An analysis of the ash 
from normal latex is as follows (values in per cent): 


Sis ql SOs POs Fe20z AlOa CaO MgO K:0 NazO 
2.12.5  1.5-2.8 1.6-1.9  46,1-87.8 1.41.7 O.8-0.6 4.9-5.0 4.4-5.1  35.0-40.7  4.4-6.2 


When latex containing ammonia stands, some of these ash constituents precipitate in 
the form of sludge amounting to about 0.08% of a 35% solids latex. The ash amounts 
to about 0.4% of the total wet latex or 1.145 grams/100 grams of latex solids, 

Nitrogenous materials occur in latex, and the greater part of these remain after 
gelation or coagulation. It has been determined that based on the rubber content 
there is approximately 0.345% nitrogen and of this 50% is protein, 5% albuiminoses, 
and 7% acids and amides, The proteins arc adsorbed on the surface of the rubber 
particles and they are responsible for the lyophilic nature of the particle. The rub- 
ber hydrocarbon is actually lyophohic in nature. Also present are carboxylic acids, 
glycine and other monoamino acids, diamino acids, and other courpounds (8). 

The presence of sugars and glucosides, which may act as intermediates in the for- 
mation of rubber from cellulose and starch, has been.determined in natural rubber 
latex. Lipin and quebrachitol have been extracted from latex and from the serum of 
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latex, the latter in such quantities as to make it appear to have some econonne value. 
Table TI lists the fractions that have been found in fresh latex on analysis (22), 


TABLE IT. Latex Fractions. 











Ammonium salt of 2 water-soluble aldehydic or ketonic weld, 0.0.0.2 ee ee 0.08% 
High aliphatic alcohol ester of a water-soluble aldehydie or kevonic acid, 6.0.2.0... eee eee 0.06% 
A chemical complex of suturated und unsaturated fatiiy acids with some terpenic material, ..0.38% 
A plastic material, melting below 100°C, and soluble in other (contains sulfur). ..........-, 0.94% 
A chemical complex containing protein, phosphate, sugars, quebrachitol, and inorganic con- 

PST U re C29) A: 1.45% 
Pure robber hydrocarbon... ete tree ees 27.17% 
A 69.78% 





Homans and Van Gils (13) have recently reported that, when very fresh (about 2 
hours after tapping) and undiluted Hevea latex, which has had ne ammonia added for 
stabilization, is centrifuged, a yellowish colored substance separates at the bottom 
which is equivalent to 20-80% of the volume of the latex. When the fresh latex is 
ammoniated uo separation of yellow particles takes place. From their work they 
concluded that the dispersed phase of fresh Hevea latex cousists of two materials, the 
rubber globules and the yellow fraction or “lutoids.” The reason why these materials 
have not been previously found in latex is because samples of fresh latex were either 
diluted with water or stabilized with atmonia before investigation, and these steps 
either solubilized the particles or coagulated them with the rubber particles. The 
discovery of the lutoids has helped to explain why fresh unammoniated latex is much 
more viscous than ammoniated latex, because the presence of the lutoids in fresh 
latex constitutes another colloid dispersion in addition to the rubber particles. Ad- 
ditional work is being completed and a greater wnderstanding of factors which influence 
the colloidal behavior of Ilevea latex may be realized, Recently the investigation of 
the yellow fraction in fresh Jatex has established that tt is composed of a viscous pro- 
tein phase with a very high magnesium content. The magnesium compounds are 
precipitated as a sludge on adding ainmonia. 

The color of fresh Hevea latex varies according to the climatic conditions and the 
scusous from white, grey, yellow, to pink. When a tree has rested the latex is yellow 
and it yields a yellow rubber. After several days of normal tapping the regular color 
returns. The rubber particles in latex undergo Brownian movement, and this move- 
ment may be arrested or decreased by flocculation, gelation, or coagulation, The 
size of the particles ranges from 0.025 micron up to 3.0 microns. Trees tend to yield 
latex with characteristic particle composition and budded trees usually contain par- 
ticles of the characteristic composition of the parent tress. 

The individual Hevea, particle is thought, to be composed of an interior material 
that is soluble in benzene, a skin over this material that is permeable to benzene but is 
only slightly soluble, and an outside layer that is lyophilic in nature and which is gener- 
ally considered the protein layer. The specific gravity of undiluted Hevea latex is 
0.970~.980, while that of the rubber particles is 0.914, and the serum is 1.020. The 
viscosity (water = 1) of field latex containing 30% rubber is 4-5.5 for ammonia- 
treated latex und 8 for the latex without ammonia (viscosity by Garter’s pipette vis- 
cometer at 28°C.). With continued heavy tapping of a tree the viscosity becomes 
higher, but after the trec has rested the viscosity decreases, and with normal tapping 
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the viscosity returns to normal. The viscosity is an indication of the particle-size 
distribution of the latex. The larger the particle size the lower is the viscosity, ‘The 
viscosity is affected by the solids concentration of the latex: the higher the solids the 
higher the viscosity. 

The presence of guns, soaps, salts, and other nonrubbers in the latex has an effect, 
on the viscosity. Fresh field latex that has been ammoniated exhibits a sharp in- 
crease in viscosity in the first 5 days and then decreases to a minunum at 65 days. 
The surface tension of fresh field latex of 35% rubber solids is 40.5 dynes/em. (30°C.) 
and as the latex is diluted it decreases to a minimum of 30.5 dynes/cm, at 0.55% mbber; 
with further dilution it increases to that of water (71 dynes/em.). Fresh latex at 35% 
rubber solids has the same surface tension as ammoniated latex in the initial stage but 
after the ammoniated latex has matured several months the surface teusion hecomes 
lower. This is due to the conversion of the naturally occuring fats to fatty acids and 
of the fatty acids to soaps. 

The rubber particles in normal amunoniated latex are negatively charged corre- 
sponding to a contact potential of ~0.035 volt. The particles can be given a positive 
charge while the latex is still fresh by the addition of sufficient acid to reduce the pH 
to 3.5 (beyond the first coagulation stage). This practice is used in making a positively 
charged latex for commercial use. 

Centrifuged Latex. Because of the cost of transportation and the case of applica- 
tion, practically all the latex used as such in industry is in a concentrated form. The 
Most common type is centrifuged latex which is mace by treating the fresh latex with a. 
stabilizing agent such as ammonia aud then passing it through a centrifuge (28). 
The fresh latex is stabilized with about 0.3% ammonia and after centrifuging it is 
adjusted upward to 0.6% to insure good storage life. By varying the operation of the 
centrifuge, the relative quantity of the concentrate and the serum ean be adjusted to 
an economic level. Approximately 80% of the total solids content of the fresh latex 
remains in the concentrate and 20% isin the serum or skim. Table LIT shows the dif- 
ference in the constituents of a concentrated latex and the skim produced by centri- 
fuging (26), 


TABLE ITI, Constituents of Concentrated Latex and Skim. 








Concentrated 

Constituent latex Skim 
Total solids, %...... cee ccc ete eee 61.5 11.0 
Dry rubber (by coagulation), %....- 0. eee 60.0 7.1 
Acetone extract of the rubber, %.......... 00.0 .0...0005 3.2 10.3 
Ash (% of the rubber)... 0.0... ee ees 0.37 2.2 
Water-soluble matter (% of the rubber)... ......0.6...... 0.28 35.6 
Nitrogen (% of the rubber)............0. 0.020000 000s 0.36 2.3 








Creamed Latex. Another method for concentrating Hevea latex into commercial 
use is creaming. Normal ammoniated latex creams on long standing but not suffi- 
ciently to result in high solids. Various materials characterized by a. relatively high 
molecular weight, high viscosity, and limited solubility in water have been used as 
latex creaming agents. These include gelatin, methyl! cellulose, carboxymethyl] cellu- 
lose, pectin, gum arabic, karaya guin, alginic acid, and salts of alginic acid. However, 
commercial practice of latex creaming is based almost entirely on the use of sodium or 
ammonium salts of alginic acid (see Algin). 
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The molecular weight of the commercial alginic salts varies from 21,000 to 70,000 
and they have a moisture content of between 14.3 and 17.0%. Their creaming effi- 
ciency is directly related to their molecular weights with the higher molecular weights 
being more efficient. Tor an ammonium alginate of 70,000 molecular weight there is 
required 0.070% salt based on the water as compared to 0.125% of ammonium alginate 
of 33,500 molecular weight. The theory of creaming of latex is that the Browuian 
movement is slowed by the increase in viscosity, so that a loose agglomeration of the 
particles results. Tnasmuuich as the specific gravity of the particles is less than that of 
the serunt they work upward. However, this is only part of the story because only 
the alginates result in efficient creaming. It has heen suggested that the polar groups 
of the alginate molecule provide points where the molecule can be adsorbed to the rub- 
ber particles of latex. Tn loug molecules the probability that portions of a single mole- 
cule will become adsorbed to more than~One latex particle is greater than in shorter 
molecules, and this probability decreases in proportion to decreasing molecular length. 
Creaiming is a result. of agglomeration of the latex particles accomplished by those al- 
ginate molecules which become adsorbed on more than one latex particle, Thus only 
molecules which happen to be adsorbed in this way are effective in building up agglom- 
erates composed of tauny latex particles (5). 

Plantation practice is to take lutex as it comes from the tree, add ammonia, and 
desludge the latex by allowing it to remain in an unstirred condition for several days, 
or by centrifuging. The creaming agent, as a 1.5-2.5% solution or higher, is added 
and. stirred into the latex. The seruin is allowed to stand without agitation for several 
days while it separates into two layers. The slim is drawn off from the bottom and 
the concentrate is again agitated and after a short period of tine a new separation 
occurs and a second skim portiou is withdrawn, Ammonia is added to the concen- 
trate to bring it up to 1.6% or more based on the water in the latex and the creamed 
latex with a total solids of between 62 and 68% is ready for shipping. 

Also available commercially are creamed concentrated seram latexes which are 
made by cream-concentrating the skim left from centrifuging latex. Because the rub- 
ber content of the centrifuged skim is relatively high as compared to creamed skins, it 
is recovered in this way. Otherwise the seruin is either discarded entirely or it is 
coagulated either by enzyme degradation or by acids and sold as a low-grade rubber. 

Creamed latex of commerce is usually at a much higher solids concentration thau 
centrifuged latex and is higher in viscosity. Its main disadvantage is the after- 
creaming tendency and the formation of a viscous paste on the surface during storage. 
Latex is shipped in large taulcs from 10,000 gallons up, and the mixing of the paste back 
into the latex presents a problem. Creamed latex, which normally has a dry solids 
‘content of 67 to 68%, has a lower percentage of nonrubber constituents than eentri- 
fuged latex, which normally contains 61.5 to 62.5% solids, This condition exists 
hecause the greater portion of the nonrubber materials are water-soluble and the centri- 
fuged latex contains a substantially larger quantity of serum. 

Table IV shows the detailed specifications for Type I and Type II concentrated 
Jatex (A.S.T.M. D1076-49T). Type I is centrifuged natural latex preserved with 
ammouia only or formaldehyde followed by ammonia. Type IT is described as 
creained natural latex preserved with ammonia or by formaldehyde followed by am- 
monia, 

Other Concentrated Latexes. Some natural latex is concentrated by evaporation, 
The fresh latex is stabilized with 0.5% potassium hydroxide and 1.0% of soap along 
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TABLE LV. Specifications for Type I and IT Concentrated Latex. 











"Specification Type 1 “Ly ype I 
Total solids, min., %.. 0.00 cece e ete ces 61.5 64.0 
Dry rubber content (DRC), min, %.. 0. eee 60.0 (2.0 
Total solids content minus dry rubber content, max,, %.. 2.0 2.0 
Total alkalinity (caled. as NH, expressed as a % of w ater in , Tater), 

“min., Yo ec cece et eben eee ene eee 10 1.6 
Viscosity, limiting coefficient at 25°C,, max., centipoises... .. 0.0.0.2... 50 50 
Sludge content, max., % of wet weight.....00..0 00.00.0000 cc cee eee 0.10 0.10 
Coagulum content, max., % of total solids. Peete teen eee n beeen 0.080 0.080 
KOH number, max., g. ROLY 100 ml. required to neutralize acids pres- 

ent as ammouium sals.......00. 0000000 ee ee Lae 0.80 0.80 
Mechanical stability, min., see,.......0000.00000. ee 1100) 600 
Copper content, max., % of total solids... 0.00.00. 000.002.0000. 0.0010 0.0010 


Manganese content, mux,, % of total golids........... 
Color on visual inspection..................5.. 
Odor after neutralization with boric acid 


Lice eee .. 0.0010 0.0010 
ete t ete No pronounced blue or gray 
Lee eee cede ee eee eae No putrefac tive odor 








with protective colloids of the type of saponin, casein, ete. Table V shows a compuri- 
son of the constituents of normal latex, centrifuged latex, sktin froin centrifuged latex, 
and evaporated latex (L5}. There is a small quantity of Hevea latex available com- 
mercially that is concentrated by electrodecantation (q.7.). The properties of this 
latex are similar to centrifuged latex except that it has wuch higher mechanical and 
chemical stability. 


TABLE V. Comparison of Different Latexes. 





Skim from 

















Normal Ceutrifuged centrifuged Evaporated 

Cunstituent latex latex latex lntex 
Total solids, % 40 62 11.5 75 
Rubber by coagulation, % 37 60 7.5 68 
Alkalinity: as NH,, % 0.8 0.5 1,2 —_ 
Alkalinity as KOH, % — — — Lo 

: Calculated on total yolids 

Acetone extract, % 6.5 3.5 11.0 6.0 
Water extract, % . 7.0 1.5 35.0 11.5 
Ash, % 0.9 0.4. 3.0 5.5 
Nitrogen, % 0.7 0.5 2.5 0.6 


Latex Consumption. It has been estimated that over 65% of the natural latex 
used in the U.S. goes into foam rubber production. The rest is used for dipped goods, 
fabric coatings, impregnation, and molded goods. The physical properties of natural 
rubber latex stock are far superior to those of any of the synthetic latexes tested to 
date (21). Cold rubber latexes presently available da not approach natural rubber 
latex in stvess/strain properties, Because the rubber particles are not broken down 
by mastication. as in dry rubber technology, films deposited from vulcanized natural 
rubber latex have tensile strengths exceeding 7000 p.s.i. 

The greatly increased use of natural rubber latex has been largely due in recent 
years to the latex foam rubber development. The nature of natural latex and the 
physical characteristics required for foam rubber made this development possible. In 
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making latex foam rubber, air is introduced into the latex (which has been previously 
compounded with sulfur, accelerators, zinc oxide, antioxidants, and other chemicals) 
and the particles of rubber are distributed around these hubbles. The mass is 
gelled by a reduction of the pH with an acid salt (for example, NaeSilys) or by the 
precipitation of a very fine particle size mass which results in a large increase in 
specific surface giving less stabilizing agent per unit surface, and therefore leading to 
destabilization and gelation of the rubber particles. This is accomplished by adding 
such materials as aunnonium salts which solubilize the zinc, As the temperature of 
the system is mereased, the zine is precipitated out because of its lower solubility at 
the higher temperature and, hence, the large increase in specific surface and coagula- 
tion of the latex. 

With natural rubber particles the adhesion of one particle to another is very great. 
and a tough film of rubber around the bubble is thus formed. With a further de- 
erease In pH brought about by the continued solubilization of the acid salt, the soap 
is decomposed to its fatty acid constituent and a gradual and uniform shrinking: takes 
place. 

In 1952 there was consumed in the U.S. over 58,000 long tons (dry basis) 
Hevea latex as compared to’ 28,489 in 1948 (20). Therefore, while the consuniption 
of dry Hevea rubber decreased during this period, the consumption of Hevea latex 
imereased almost 100%. This trend is still upward and is completely parallel with the 
growth trend in the foam industry. 


Guayule Rubber 


The guayule shrub (Parthentum argentatum), which belongs to the Compositae 
family, is a source of natural rubber in the North American continent. The native 
habitat of this shnib les in the plateau region of Central and Northern Mexico and 
extends into Texas (24). Cultivation of the wild shrub frou a semidesert environ- 
went to conditions of intensive culture was started as early as 1900 but not greatly 
advanced. In 1942, when our inajor supply of natural rubber was cut olf hecause of 
World War ITI, the U.S. Congress authorized the Departinent of Agriculture to set up 
and operate research and development laboratories and facilities for the production of 
guayule rubber. The properties of the Intercontinental Rubber Company of New 
York, which largely consisted of land and equipment in Salinas, California, were pur- 
chased by the goverminent. At one time plans were made to plant 400,000 acres but 
actually only 32,000 acreas were in production al, the end of World War II, Because 
a minimum of 3 years is required for the guayule plant to mature for harvesting, 
this particular program did not add much to our war-time rubber supply, An average 
yield of 1600 Ib./acre was ultimately realized from natural shrub in a field under eulli- 
vation in California, 

Unlike the Hevea tree, in which the rubber latex exists in a canal system, the rub- 
ber in guayule is enclosed in cells. In order to take the rubber from the guayule bush 
a process has heen developed which consists of deleafing the shrub by parboiling 
{the leaves contain a negligible quantity of rubber and are not worth extracting), 
cutting the shrub into 14 in, pieces, milling the cut shrub with flint pebbles in pebble 
mills partially filled with water, floating the rubber, and settling the plant material 
ina water-filled fotation tank, boiling to water-log the cork and oceluded plant material, 
reflotation, and drying the crude rubber. The rubber produced by this process von- 
tains, on the average, 70% rubber hydrocarbon, 20% resin, and 10% benzene-acetone 
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imsoluble material which is chiefly cellulose and lignin. On reaching greater maturity, 
the plants give improved grades of guayule rubber (7). 

A process which results in improved grades of guayule rubber with lower resin 
content involves reducing the resin content of the shrub by extracting with alkali and 
alcohol either separately or concurrently (7). 

Because crude guayule rubber is susceptible to oxidation to a greater degree than 
crude Hevea rubber, an antioxidant is added to the rubber. 4,4’-Dianrinodiphenyl- 
methane is an effective antioxidant when as little as 0.5% on the rubber is used. The 
aging of vulcanized guayule rubber is approximately equivalent to Hevea rubber vul- 
canizates, 

Guayule rubber is chemically identical with Hevea rubber in that it is the cis 
polymer of isoprene. However, it differs in molecular weight, being somewhat lower, 
and it has a higher percentage of impurities. The compounding and handling of 
guayule rubber are essentially the same as for Hevea rubber, 

Guayule rubber has been produced commercially since 1905 and it is the only 
natural rubber that has been produced commercially in the U.S. (7). From 1910 to 
1937, approximately 54,000 long tons of guayule rubber was iniported from Mexico, 
or 0.6% of the total crude rubber used in the U.S. The average price during this 
periad was about 80% that of Hevea smoked sheet. During the World War IT years, 
7,000 long tons/year were used and this was obtained from Mexico and grown in the 
U.S. Because of price control during this period a comparison of prices caunot be 
made. It has been estimated that under present costs crude guayule rubber could be 
produced for about 30 cents a pound (7), 


Gutta-Percha 


Gutta-percha is obtained from certain trecs belonging to the family Sapotaceae 
{9), Dichopsis gutta and Palaquium gutta, which are natives of Malaya, Borneo, and 
Sumatra. The wild gutta-percha was originally obtained by felling the tree and strip- 
ping the bark. The gum was then seraped from the tree in a coagulated mass. ‘The 
plantation method of producing gutta-percha accounts for the bulk of material used 
today. These trees are hybrids of species of Palaguiwm. The mature leaves are 
gathered periodically and are ground in mills which free the fibers of the gutta-percha 
from. the leaf debris with a minimum of breakdown of the polymer. The mass is 
then treated with water at about 70°C. for about 30 minutes which causes the leaf 
tissues to become water-logged. This mass is plunged into cold water and the gutta- 
percha floats to the surface where it is collected, Additional washing results in a 
higher-purity product, Besides extracting gutta-percha from the leaves, the trees 
may be systematically tapped in much the same manner as Hevea trees. The latex 
‘is coagulated by hot water aud the gutta-percha is recovered. For ain extremely 
pure gutta-percha a, solvent-extraction process is used which removes most of the water- 
insoluble resins and guns. The gutta-percha is finally compressed into blocks for 
marketing. 

Chemically, gutta-percha has the same empirical formula as the rubber bydro- 
carbon but, whereas rubber is the cis isomer, gutta-percha is the trans isomer. It is a 
tough horny substance at room temperature but upon warming to 100°C., it becomes 
soft and tacky. Unlike rubber it is insoluble in most aliphatic hydrocarbons but it is 
soluble in aromatic hydrocarbons and most chlorinated hydrocarbons. The water 
absorption of purified gutta-percha is lower than that of rubber. 
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Gutta-percha has found use in golf-ball covers, sheeting, tubing, and submarine 
cables, When blended with rubber it stiffens the rubber and it can be vulcanized 
using the ingredients normally used for rubber. In recent years cyclized natural rub- 
ber and high styrene/low butadiene resins have been used in place of gutta-percha 
and the demand for the natural product has greatly decreased. There were imported 
into the U.S., in 1952, 630,776 lb. of gutta-percha. 

Balata which has the satne chemical composition and commercial applications as 
gutta-percha, is a product of South America, It is harvested from ‘wild trees by a 
process similar to the leaf-digestion method used fer gutta-percha, During 1952, 
2.213,659 Ib. of balata, or as the Commerce Department lists it “gutta-balata,”’ 
were ported into the U.S, (See also Vol. 7, p. 3387.) 
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The term synthetic rubber applies to that group of high polymers which possess, 
to a greater or lesser extent, the physical properties of natural rubber. One definition 
Guggested by H. L. Fisher) refers to a substance that will stretch repeatedly ta 300% 
or more of its orignal length and will return rapidly and with force to its approxi- 
mate origmal shape. It is implied that the pokymers must be capable of conversion 
from a largely plastic to a largely elastic state by cross-linking reaction, such as vul- 
canization, None of the synthetic rubbers produced to date possesses all the charac- 
teristics of natural rubber, such as chemical structure, molecular weight and its dis- 
tribution, etc. For this reason, some prefer to class these polymers as “rubber sub- 
stitutes,” “elastomers,” or “‘elustoprenes.” 

Trade names aud trade marks of synthetic rubbers inchide such diverse Lypes as 
GR-S, Polysar, GR-I, butyl, neoprene, Buna 8, Buna N, Butaprene, Chemigum, 
Hycar, Paracril, Thiokul, Silastic, Vuleaprene, Vulcollan, and Hypalon 8-2. GR-S 
is an abbreviated form of “Government Rubbe1—Styrene,” GR-I of “Government 
Rubber—Isobutylene,” and the German generic term Buna arises from butadiene and 
sodium (Na), one of the first synthetic rubber processes studied. 

Synthetic rubbers are often employed by the rubber industry to supplement nat- 
ural rubber. In many applications, the special properties of synthetic rubbers allow 
their use in applications for which natural rubber is entirely unsuited. The most im- 
portant type, GR, is claimed to be preferred in 30% and natural rubber in 35% of all 
applications, The remaining 35% is a field of active competition for both all-purpose 
elastomers, with the choice dependent on economic considerations. Transportation 
items (tires and tubes) consume about two-thirds of the total rubber used by the in- 
dustry. 


For years, scientific investigators tried Lo make substitutes for natural rubber, As early as 1860, 
an Wnglishman, Greville Williams, discovered that a white, spongy, elastic mass could be obtained 
from a liquid distillate (isoprene) of rubber, In 1879, a Frenchman, Gustave Bouchardat, mixed 
hydroelloric acid and isoprene and after heating them in a sealed tube, produced a solid mass resem- 
bling natural rabber. In 1884, Sir William Tilden, prepared isoprene from turpentine and converted 
it into a rubber-like product, thus being the first to prepare a synthetie rubber from a nonrubber 
source. By 1909, the chemist Hoffman had started production in Germany of isoprene rubber on 2 
small scale. Results were not too promising, so attention was tumed to dimethylbutadiene, which 
could be synthesized from acetone, as the starting material for the manufacture of “methyl rubber.” 
About 2350 tons of methyl rubber were manufactured ‘at Leverkusen during World War I. Methyl 
rubber H (H = hart) was prepared by polymerizing the monomer in the presence of air for 
10-12 weeks at 30°C, Methyl rubber W (W = wetch (soft)) was prepared by heating the 
monomer under pressure at 70°C. for three to six months, A small quantity of a third type of methyl 
rubber B was prepared by allowing the monomer to stand in contact with sodium wire in a carlyon 
dioxide atmosphere. This type was prepared by Badische Anilin u, Sodafabrik at Ludwigshafen, 
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Continued research and development work by the Germans led to the development in the early 
1930’s of the Buna S and Buna N types of rubber by the emulsion polymerization process. Buna § 
was prepared from butadiene and styrene emulsified in soap and water, and Buna N was prepared in a 
similar manner from butadione and acrylonitrile. Some work was continued with systems using 
sodium metal as catalyst, but it was far overshadowed by the developments in emulsion polymeriza~ 
tion. Sodium polybutadiene was manufactured on a fairly substantial seale in Russia and to a certain 
extent in Italy during this period. 

In the meantime, two significant developments were taking place in the U.S. Patrick dis- 
covered that if a solution of sodium polysulfide and ethylene dichloride were mixed and heated, there 
separated out a solid mass with distinetly rubbery characteristics. Limited commercial production 
of this material, known as Thiokol, was started in £980, and by 1935 had reached the rate of 500 tons 
per year, Since then, it has found a small but coutinuing place in rubber manufacturing operations, 
because of its excellent oil-resisting properties. 

Another outstanding development was that of neoprene (formerly called Duprene), by the Du 
Pont Company. This was based on the researches of a Notre Dame University scientist, Father J. A. 
Nieuwland, who was interested in acetylene and its reactions. He observed in 1923 the formation of 
an élastie product when a gas obtained as a by-product in the formation of acetylene was treated with 
sulfur dichloride. Two years later be made casual mention of this fact ata mecting of organic chem- 
ists at Rochester, New York. FE. K, Bolton, a representative of Du Pont who was present, made 
immediate arrangements for the work to be continued by his company. Carrothers and his col- 
leagues synthesized chloroprene sy the addition of hydrogen chloride to vinylecetylenc, aud polymer- 
jzed it to neoprene, 

In the 1930’s, the large rubber companies and Standard Oil of New Jersey became more in- 
terested in synthetic rubber, und started to spend substantial finds on research and development 
programs with the objective of producing a special synthetic rubber superior to natural rubber, A 
large portion of this work centered sround the omulsion polymerization of butadiene and acrylo- 
nitrile to make oil-resistant varieties similar to the German Buna N. However, hundreds of other 
monomers were included in these research activities. In the late 1930's, this program resulted in 
pilot plant production, from butadiene and acrylonitrile, of several oil-resistant synthetic rubbers 
such as Hycar, Chemigum, Butaprene, and Perbunan (now known as Puracril). 

Another interesting and very important development at this time was that of butyl rubber by 
the Standard Oil Company of New Jersey, based upon the prior discovery by the Germans of the 
saturated polymer, polyisobutylene (Oppanol B). The Standard Oil scientists discovered that if iso- 
butylene was copolymerized with a small percentage of isoprene or similar diene, & rubber was oh- 
tained which could be vuleanized in special recipes. 

As World War IT approached, it was fortunately recognized in this country that steps should 
immediately be taken to safeguard our rubber supplies, Arrangements were made to increase the 
amount of natural rubber shipped 40 this country, such as by a barter agreement with Great Britain 
to exchange cotton for rubber, 

The U.S. Government established the Rubber Reserve Company through the Reconstruction 
Finance Corporation on June 28, 1940, to accumulate a stock pile of natural rubber aud to develop 
additional sources of natural rubber in this hemisphere. As early as August, 19-40, consideration was 
given to a Government synthetic rubber program. A program was authorized in May, 1041, with 
the approval of the President, for the construction of plants with an annual capacity of 40,000 tons of 
GR-S (butadienc-styrene type) rubber. Two of Ghese were located at Akron, Ohio, and operated by 
Goodyear Tire & Rubber Co. and Firestone Tire & Rubber Co. The third was located at Naugatuck, 
Conn., and operated by U.S. Rubber Co., and tihe fourth was located at Louisville, IXy., and operated 
by Hycar Chemical Co. (later this plant was assigned to B. F. Goodrich Co,). Immediately following 
Pearl Harbor, the program was increased to 400,000 tons/year and aftcr the Iall of Singapore, the 
program was successively increased in the first half of 1942 to a total of 805,000 tons, consisting of 
705,000 tons of GR-8, 60,000 tons of GR-I (butyl rubber), and 40,000 tons of GR-M (neoprene). 
‘The first production of GR-8 in a Government plant oceurred in May, 1942. Over $750 million has 
been spent by the U.8. Government in creating facilities for the production of synthetic rubber and its 
raw materials, 

To hasten the production of synthetic rubber os much as possible, arrangements were effected 
for complete exchange of technical information among those private organizations with knowledge and 
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experience in the manufacture of synthetic rubber and the raw materials required to produce it. 
Rubber Reserve negotiated with these private groups a series of agreements relating to technical in- 
formation and patent rights and arranged for a research and development program to be carried out 
by the major rubber companies and other industrial laboratories which was coordinated under the 
Technical Committee of Rubber Reserve Company. During 1042, various systems of polymerizution 
submitted to the Committee were carefully investigated with the view of selecting the most practical 
recipe for large scale production. 

Agreement was reached that the general purpose polymer to be produced in largest. quantities 
should be a copolymer prepared from 4 charge ratio of 75% butadiene and 25% styrene, which be- 
eame known as GR-S. 

Tn the summer of 1942 the President appointed a Rubber Survey Committee to study the 
rubber problem. This Committee recommended that inventors aud research groups be encouraged 
to do work in the synthetic rubber field and by executive order of September 17, 1942, a Rubber 
Director was appointed. Among his duties was full responsibility for technical research and develop- 
ment of all phases of the nation’s rubber program, Rubber Reserve Company, at his request, entered 
into contracts with a number of universitics and research institutions covering research on synthetic 
rubber. This growp was organized in Decemher, 1942, and hecame known as the Copolymer Research 
Branch of the Research and Development Section, Office of Rubher Direetor, War Production Board, 
After the resignation of the Rubher Director in September, 1944, the Copolymer Research Branch 
was transferred ta the Research and Development Division of the Rubber Reserve Company. The 
Government sponsored Research Program has sinee continued under, first, the Office of Rubber 
Reserve and now the Office of Synthetie Rubher, Reconstruction Finance Corporation. 

The production of synthetic rubber required Jarge amounts of butadiene and styrene. Oil and 
chemical companies contributed heavily to the problem of monomer supply, partly with financial 
assistance from the Government. Butadiene up to that time had been made chiefly from petroleum, 
using the C, hydrocarbons as the feedstock. Butylene was separated and dehydrogenated to buta- 
diene. Many problems of purification had to he solved to produce butadiene of minimum purity of 
99.5% suitable for synthetic rubber. Since considerable time was involved in completing the facilities 
for production of butadiene from petroleum, much of the initial production of GR-S was based on 
butadiene obtained from alcohol, a more expensive process which is still employed when the demand 
fur butadione exceeds the supply from petroleum sources. 

At the same time, the chemic:l companies began to produce styrene in tremendous quantities, 
Benzene obtained from coal tar was combined in the presence of aluminum chloride with ethylene 
from petroleum gases to produce ethylbenzene, which was catalytically dehydrogenated to styrene. 

Production of GR-S and other synthetic rubbers in this joint Government-industry program 
during World War IT was a remarkable achieyement and absolutely necessary for the waging of the 
war to # successful conclusion. To illustrate the effectiveness of this program, production of syn- 
thetic rubber rose from 8,383 long tons in 1941 to 820,373 long tons in 1945, a year in which our 
natural rubber stockpile had shrunk to a mere 90,000 long tons. 


Polymerization Practices 
GR-S RUBBER 


Process Details. The process ultimately selected for the production of GR-S 
during the war years 1942 to 1945 and subsequently, was based on the simple formula- 
tion shown in Table I. The monomers are emulsified by the soap into an oil-m-water 
emulsion. Dodecyl mercaptan is a modifier which regulates the molecular weight of 
the polymer. Potassium persulfate serves as the initiator of polymerization. Hydro- 
quinone is added to stop the reaction, and the antioxidant is added to protect the poly- 
mer against oxidation. 

The process as carried out in a typical GR-S plant with capacity of 30,000 long 
tons of polymer per year has been described (34), The reaction is carried out in stand- 
ard glass-lined reactors of 3750-gal. capacity at a temperature of 50°C. Cooling water 
is circulated in the jacket of the reactor (heat evolution is 550 B.t.u. per pound GR-S8). 
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TABLE I. Formulation for GR-S Rubber. 














‘onstituent Parts _ 

Water ce eee ene ttre eee nes 180 

Soap Aakes. 0 eet tees 5.0 
neDodecyl mereaptan. 0.0. eee 0.5 
Potassium persulfate... 00... eee 0.3 
SOVTENE ee er etna 25 
Butadiene... ee ee eet ete 75 
Hydroquinone. 060 et eens 0.1 
N-Phenyl-2-naphthylamine (antioxidant). 0.0.0.0... .eee 1.25 





A conversion of 70-75% of the monomers to polymer is reached in a reaction time of 
12-15 hours. The polymerization is then stopped by addition of the shortstopping 
agent, hydroquinone. Unreacted monomers are removed, the butadiene by fash- 
stripping at atmospheric pressure and then at reduced pressure, and the styrene by 
steam-stripping under reduced pressure in a strippmg column. The antioxidant, 
N-pheny]-2-naphthylamine, is added as a dispersion to the stripped latex. Solid 
polymer is isolated by creaming the latex with brine and coagulation with dilute 
sulfuric acid, or by use of aluminum sulfate solution. The polymer is obtained in the 
form of crumbs which, after drying, are compressed into a bale (weight, 75 Ib., di- 
mensions, 6m. X 14in. X 28%n,), Later it was learned that the polymerization proe- 
»ss could successfully be carried out by a continuous system whereby monomers and 
other ingredients were charged fo the first of a series of teactors and the latex removed 
from the last. This principle greatly increased the capacity of the original copolymer 
plants, primarily by complete utilization of the reactors. In a batch process, 10-15% 
of the volume of the reactor is not utilized, 

The GR-S process is essentially an American development, if consideration 18 
given to rapid rate of polymerization and large-seale production of satisfactory poly- 
mer. The hase recipe was known before World War IT but had not been adequately 
developed for commercial practice. Private research in the 1930's and the coopera- 
tive programs with the Government in the 1940’s improved both the rate of poly- 
merization and the polymer quality to the poimt that satisfactory synthetic rubber in 
large volume was produced during World War I. 

The principal emulsifier is soap flakes consisting of the sodium salts of mixed 
beef tallow fatty acids. A special grade of soap Iree of linoleic, linolenic, and eleo- 
stearic acids was found to give the most desirable results. Another satisfactory emul- 
sifier was developed from the rosin acids by disproportionation or hydrogenation to 
remove polymerization inhibitors of the abietic acid type as well as the naturally oc- 
curring phenolie mhibitors. Coagulation of latex containing sodium rosin soaps liber- 
ated free rosin acid which remained with the polymer and improuved certain of its 
properties such as tack. Rosin acid soap is used for the production of GR-S-10 (now 
known as GR-S-1002). See also Rosin and rosin derivatives, p. 798. 

Butadiene and styrene of high purity are required for the GR-S process. Re- 
moval of undesirable impurities was successfully accomplished by the manufacturers of 
these monomers so that they do not constitute a serious problem. Butadiene dimer 
slowly forms on storage but is not a serious inhibitor, Other more powerful inhibitors 
such as 1,4-pentadiene and cyclopentadiene are removed in the manufacture of buta- 
diene. Styrene of very high purity is also available for GR-S production, Both 
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monomers are normally protected with a polymerization inhibitor such as di-leré 
butylpyrocatechol. Butadiene is washed with caustic to remove this inhibitor, 
The small amount in the styrene does not interfere with polymerization and usually is 
not removed, 

Polymerization is initiated through a mechanism involving the reaction of potas- 
sium persulfate and dodecyl mercapian with the monomers. The mercaptan is be~ 
lieved to function in tivo ways. It initiates the polymerization chain by supplying free 
radicals through reaction with the persulfate, and it also regulates the chain length by 
functioning as a chain-transfer agent whereby one chain is terminated and. another 
one is initiated. (See also Polymers.) The reactions may be expressed as follows: 


K8.05 -+ 2 RSH ———> 2 KHSO, + 2 RS. 


RS- + M ——> RSM - Tnitiation 
RSM: + 2M ——> RSMa x i: Propagation 
RSMa+ py: + RSH ——> RSMa4 yH + RS- Chain transfer 


where RSH = mervaptan and M = monomer. More recent work indicates, however, 
that the RS- radical may not be the initiating free radical. Chain termination may 
be by: 

Rn: + R- ———> RR 
or by: . 


RCH,CHy: -+ R- — > RCH=CH, + RA 


Of great commercial significance is the fact that the molecular weight and hence 
the viscosity of the polymer is regulated by the amount of mercaptan employed in the 
polymerization. Thus the viscosity can be controlled to give a product which can ke 
processed in factory equipment. If insufficient modifier is employed, the polymer 
possesses a very high molecular weight and may also contain cross-linked or gel polymer. 
This condition may result in compounded stocks with poor processing characteristics and 
inferior physical qualities, such as reduced resistance to flex crack growth. On the other 
hand, if excessive modifier is employed, the polymer is too soft and stieky, and possesses 
poor physical properties in the vulcanized state. A good balance of processing and 
physical properties is obtained with polymers of viscosity 50 (large rotor Mooney 
(see under Rubber compounding)) and most of the general-purpose GR-S is made at 
this viscosity. Excellent review articles on polymerization practices are available 
(3,9,27). 

Theory of Emulsion Polymerization. The Harkins theory of emulsion polymer- 
ization has been of great assistance in its application to the GR-8 system (14). For 
water-insoluble monomers, such as butadiene and styrene, polymer nuclei are postu- 
lated to be initiated almost exclusively in the monomer solubilized within the soap 
micelles, rather than in the monomer droplets or in the aqueous phase. (The number 
of micelles, with a diameter of about 50 A., is very large, as compared to the number of 
monomer droplets, with a diameter in excess of about 10,000 A.j). The initiator, 
which is usually in the aqueous phase, generates free radicals which are readily cap- 
tured by the monomer molecules in the micelles. At an early stage in the polymeriza- 
tion, these polymer nuclei are ejected from the micelles. New polymer nuclei are not 
formed indefinitely, since the soap micelles gradually disappear by adsorption on the 
surface of the polymer nuclei. Thus, at a relatively early stage of polymerization, a 
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conversion is reached after which few new particles are formed, and polymerization 
continues by growth on particles already formed, which also are very small (about 
200 A.) compared to the monomer droplets. These polymer particles rapidly im- 
bibe free monomer, which diffuses from the monomer droplets, and are converted into 
monomer-polymer particles in which most of the polymerization occurs. 

From these considerations Smith and Ewart (83) in the U.S. and Howard in Eng- 
land have made interesting kinetic studies which lead to the conclusion that ideally, 
during the steady state, at any one instant the total number of radicals in the monomei— 
polymer particles is equal to one-half the number of the particles in the latex. The 
persulfate-initiated polymerization of styrene represents a fairly ideal system, Buta- 
dienc, however, usually does not behave in an ideal fashion since, in most initiator 
systems, # uniform polymerization rate per particle is not obtained (23). 


COLD RUBBER 

One of the most important recent developments in synthetic rubber research is 
the discovery that a lowered temperature of polymerization results in polymer of im- 
proved quality (32,34). The temperature of 122°F. (50°C.) for the production of 
GR-S was selected since it gave a convenient reaction time for the production cycle. 
Various attempts were made during World War IT to produce polymer at lower temper- 
atures such as 104°R, (40°C.) and 86°F. (30°C.) to determine the effect ou the poly- 
mer, No improvement in quality was detected. Attempts to conduct polymeriza- 
tion at much lower temperatures were hampered by lack of a satisfactory polymeriza- 
tion recipe. At the end of the war, information became «available on the German 
redox formulas, and simultaneously initiation by diazo compounds for polymeriza- 
tion at 5°C. was developed in the U.S. Since then, a tremendous amount of effort has 
been devoted to the development, of satisfactory polymerization systems for low tem- 
peratures, so that today it is possible to conduct them at temperatures as low as —40°C, 

Diazothioethers (formed by coupling a diazonium salt with a mereaptan) were 
discovered in 1944 to possess high activity as initiators of polymerization. Addition of 
an oxidizing agent, potassium ferricyanide, and a mereapian “activated” the diazo- 
thioether to such an extent as to permit rapid polymerization of butadienc and styrene 
at 5°C., ancl to promote polymerization at as low as — 18°C. 

Superior hydroperoxide—iron complex systems were developed, however, and be- 
came the basis for the production of cold rubber m the U.S. They were derived from 
systems developed in Germany during World War II. German workers, in studying 
the effect. of oxygen on the inhibition of polymerization, added reducing agents to 
remove the oxygen. They discovered that in addition to the elimmation of the in- 
hibition period, in some cases the actual rate of polymerization was greatly increased. 
Proper combination of reducing agent and oxidizing agent, in amounts as small as 
0.1% based on the weight of monomers, constitutes a “redox pair” which reacts with 
the formation of free radieals which initiate polymerization. For example, benzoyl 
peroxide and ferrous ion are believed to react as follows: 


(CaHsCO}O: + Fe? + ——> C,H,COO- + C,H,CO07 + Feit 
yielding a peroxybenzoyl free radical, a benzoate ion, and a ferric ion. See also Per- 
ovides, organic. 


Redox systems of this type were studied in the U.S. but found to possess poor 
reproducibility, From the research program carried out under the Rubber Reserve 
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Company many improvements resulted, such as the use of cumene hydroperoxide as 
the oxidant. The first production systems employed this oxidant, with a ferrous 
pyrophosphate complex and a reducing sugar (glucose) as other essential ingredients. 
At first, as much as 3 parts of sugar per 100 parts of monomers was employed. This 
was soon reduced to one part, and now has been entirely eliminated. The introduction 
of other more active oxidants, such as diisopropylbenzene hydroperoxide and p-menthane 
hydroperoxide, has aided in reducing the polymerization time and eventually these 
compounds are expected completely to replace cumene hydroperoxide. 

Another very interesting redox system employs a polyamime and a hydroperoxide, 
with very small amounts of iron compound, as the initiating system. Most widely 
used have been diethylenetriamine, triethylenetetramine, and tetraethylenepentamine. 
Although this system was originally thought to be an iron-free one, it has been con- 
clusively proved that some iron (1 p.p.m. or more) must be present to decompose the 
hydroperoxide. The function of the amine, therefore, appears to be to reduce the 
oxidizing tron to the ferrous state. This system has not been adopted for the produc- 
tion of cold rubber as such, but has proved primarily of interest for the manufacture 
of cold rubber latex. 


OIL-MASTERBATCHED POLYMERS 


The enhanced demand for natural and synthetic rabbers in 1950 prompted rubber 
chemists to reconsider various methods for the extension of supplies of raw materials, 
preferably with no sacrifice in quality of the finished product. This search led to the 
development of oil-masterbatched synthetic rubbers (5,8,35). These rubbers are 
produced with the same materials and in the same equipment as for GR-S and cold 
rubber, with the exception that much less mercaptan modifier is employed. The base 
polymer, therefore, possesses a much higher molecular weight, as reflected in a higher 
Mooney viscosity value (for example, ML-4 of 125-150), as compared to regular syn- 
thetic rubber (for example, MI-4 of 50-60). To the stripped latex is then added an 
emulsion of the petroleum oil desired, in amounts of 25-50 parts per 100 parts of rubber 
hydrocarbon. The mixture is creamed and coagulated in the usual manner, and the 
polymer as crumb is dried in the usual way. This change was very rapidly put mto 
production with the minimum of inconvenience. The petroleum ‘oils most widely 
used for this purpose contain predominantly naphthenic and aromatic hydrocarbons, 
and a minimum of paraffinic hydrocarbons. 

This successful development stimulated the study of the extenders for synthetic 
rubber, One of the most important of these is rosm acid, which is added to the latex 
as the sodium or potassium soap, and co-coagulated by the adclition of acid. 

Oil-masterbatched cold rubber (vith 25 parts of oil), when used in tire treads, 
exhibited up to 21% more resistance to tread wear than standard cold rubber, and oil- 
masterbatched “hot” GR-S demonstrated a similar improvement over regular GR-S. 
Production of oil-masterbatched polymers will undoubtedly continue to grow rapidly 
since their use results in both improved quality and lower cost. 


GERMAN EMULSION POLYMERS 


The German approach to synthetic rubber was to prepare a high-molecular- 
weight polymer (like natural rubber), and subsequently depolymerize it to a process- 
able state, most frequently by a heat-softening process. In contrast, in the production 
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of GR-S, attention was deliberately focused on a polymer which could subsequently 
be used in rubber factories without extensive pretreatment. 

Buna S-1 was produced from a 70/30 charged ratio of butadiene/styrene poly- 
merized to 60% conversion in an emulsion containing Nekal BX (sodium di-see- 
butylnaphthalenesulfonate) and sodium linoleate. It was heat-softened in the pres- 
ence of air at 130—150°C. prior to use. 

Production shifted to Buna $-3 durmg World War IT because of a shortage of 
linoleic acid, The new system employed butadiene (68-70 parts), styrene (382 to 30 
parts), Nekal BX (2.84-3.1 parts), paraffin acids (0.5 part), sodium hydroxide (0.32- 
0.5 part), potassiim persulfate (0.4-0.45 part), and treated water. An innovation was 
the addition of a relatively small amount (0.06~0.1 part) of a modifying agent, Diproxid 
(diisopropylxanthogen, diisopropyl dithiobisthionoformate, ((CH3),CHOCS)8s). The 
charge was reacted to CO% conversion at 45-50°C, The polymer was stabilized by the 
addition of 3 parts of N-phenyl-2-naphthylamine, and unreacted monomers were re- 
moved by vacuum steam distillation. The latex was creamed with salt, and the cream 
agglomerated by the addition of sodium bisulfite. German production included a 
variety of other emulsion Buna copolymers including high-slyrene types, low-odor, 
Jow-iron-content, and noustaining types. 


ALKALI METAL POLYMERIZATION 


Alkali metals have been used to promote the polymerization of dienes since the 
production of methyl rubber by the Germans during World WarlI. This was followed 
by the development. of the German Bunas 82, 85, aud 115. The Russians have made 
similar polymers, SKA and SKB, and the Italians have also doue work with sodium 
polybutadiene. 

The numbered Bunas refer to different degrees of viscosity and polymerization. 
“Buna 32, a molasses-like, viscous polymer of molecular weight about 30,000, was used 
primarily as a plasticizer for tougher rubbers. It was prepared by the continuous 
‘polymerization of butadiene in the presence of 0.5% sodium sand and 9.10% vinyl 
chloride as modifier at 80°C. The product was washed with water to remove salts and 
stabilized with a rubber antioxidant. Buna 85 was also produced continuously in a 
system containing finely divided potassium dispersed in Buna 32, and a small amount, 
(0.5-1.0%) of dioxane, Reaction time was 1.5-2.0 hours at 70°C. The product, as 
it was extruded from the reactor, was mixed with 2% N-phenyl-2-naphthylamine and 
1% fatty acid to neutralize residual catalyst and potassium hydroxide. The reactors at 
Schkopau were stated to have a capacity of 120 tons per month on a 24-hour cyele. 
Sodium polybutadiene when compounded with carbon black exhibited a tensile 
strength of 1960 p.s.i., as compared to 1120 p.s.i. for emulsion polybutadiene. 

Buna 115 represented a still higher-molecular-weight species but found only 
limited application because of difficulties encountered in factory processing. The 
Germans also investigated the sodium polymerization of butadiene and styrene mix- 
tures, but never commercialized these copolymers. Such synthetic rubbers have been 
extensively studied in the U.S. on a laboratory and pilot-plant stage, since they have 
shown some promise because of high resilience properties. Work at the pilot-plant 
eve has been conducted at the Government Laboratories operated by the University 
of Akrou. ; 
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ALFIN POLYMERS 

The Alfin catalyst, as developed by Professor A. A. Morton in the Rubber Re- 
serve program, consists of a complex of a sodium alkoxide, an alkenylsodium, and col- 
loidal sodium chloride (2+). One combination extensively studied consists of sodium 
isopropoxide and allylsodium. When this catalyst, as a suspension in a paraffin 
hydrocarbon, is added to butadiene dissolved in an inert hydrocarbon solvent, such as 
pentane, very rapid polymerization occurs. Similar restlts are obtained with mixtures 
of butadiene and styrene, The polymers possess extremely high molecular weights 
and under the proper conditions can be made without the formation of appreciable 
amounts of gel. They also have exhibited promise because of high resilience, and 
have been prepared in a continuous pilot plant unit at the Government Laboratories, 
University of Akron, Iixtensive studies of Alfin polymer oil masterbatches have been 
undertaken, since without oil the polymers are usually too tough for normal processmg. 


SYNTHETIC RUBBER LATEX 

The produetion of synthetic rubber by emulsion polymerization techuiques natu- 
rally makes it available in latex form. GR-S latex, Type J, was the first commercial 
type, and contained the regular 75/25 butadiene/styrene copolymer stabilized with 
1,5-2.0% N-phenyl-2-naphthylamine antioxidant aud contained 28-30% total solids, 
Type I latex was the same but without antioxidaut. Type [IT (sow known as GR-S5- 
2000), was the first GR-S latex specifically produced for latex applications. Tt, con- 
tained a B/S monomer charge ratio of 50/50 with potassium soap of crude rosin as 
emulsifier, and 35-40% solids content, Still another special latex, Type V (now 
GR-S-2008), was specifically adapted for the manufacture of foamed latex rubber, 
which requires a high solids, low viscosity (and heuce large particle size) latex. ‘The 
technique employed. was to reduce the amount of water and soap charged with the 
monomers (butadiene/styrene 70/30) (4). 

The existence of a pasty stage during the reaction required increased agitation 
and careful addition of emulsifier at various points in the reaction cycle. The end 
result was a latex of high solids content (60%) and low viscosity. The average par- 
ticle size diameter was about 3000 A., as compared to 500-1000 A. for the other “hot” 
GR-5 latexes. 

One objection to the synthetic latexes, as compared to natural rubber latex, has 
been that they mmpart an odor to the finished article, such as foamed latex rubber. 
The source of odor has been traced to the styrene component, and more specifically 
to its reaction products with mercaptans employed in the polymerization recipe. 
Attention was, therefore, directed to polybutadiene prepared in the Type V recipe. 
Although deficient in tensile strength, polybutadiene latex (GR-8-2004), when blended 
with natural rubber latex, has proved very useful in the production of odor-free foamed 
latex rubber, and has to a large extent replaced, GR-8-2003. 

With the introduction of cold rubber, attention was naturally given to the pro- 
duction of cold rubber latex. Asa result, cold polybutadiene and butadiene/styrene 
copolymer latexes were developed which are superior in stress-strain properties to their 
hot counterparts. Improvements have been particularly noticed in applications such 
as predips for tire cord fabric, and foamed latex rubber. Much research and develop- 
ment work has been expended to obtain a cold rubber latex of high solids content and 
low viscosity for the Jatter application. The basic difficulty lies in the fact that redox 
systems employed for cold mbber ure very active initiators and thus produce a larger 
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number of latex particles than the mercaptan-persulfate GR-S system. ‘The very 
small latex particle size thus obtained is responsible for a very great increase in latex 
viscosity at solids content above 50%. By proper utilization of emulsifiers and their 
addition to the polymerization system, a latex of larger particle size and other desired 
properties can be obtained. 

None of the synthetic latexes that has been developed to the point of commercial 
use—either hot or cold—has quite attained the quality level of natural rubber latex 
in three importaut respects: (7) large average particle size (and hence low viscosity 
for a given solids content); (@) “wet gel strength,’ which has a strong influence on 
how the latex is to be processed into foamed rubber; (8) the amount of nonrubber 
constituents (mostly surface-active materials) necessary to render the latex stable 
enough for processing. 

Standard test methods for GR-S latex include the determination of the following 
properties (28): (2) total solids, by evaporation in presence of isopropyl alcohol; 
(2) residual styrene, by steam distillation in the presence of methanol, and titration 
with sodium bromide-bromate; (8) total soaps, by conductimetric titration; (4) pH, 
by use of a pH meter with glass electrode -- calomel cell assembly; (4) surface tension, 
by use of the du Noty tensiometer; (4) turbidity (measure of average particle size), 
by determination of extinction of diluted latex with the Beckman U.V. spectrophotom- 
eter, with incident light having wave length of 6,000 A.; (7) viscosity, by use of the 
Brookfield viscometer; (8) Moouey viscosity of latex film, from evaporated latex 
sample, milled and tested on the Mooney viscometer at 212°F"., using the “MS” rotor. 


Properties, GR-S 


Physical Properties. The refractive index and density of synthetic rubbers are 
determined by their composition. Values for emulsion polymers prepared at 43°C. to 
about 65% conversions are (6); 








Monowers charged, B/S ng az Combined styrene 
100/0 1.5159 0.808 — 
90/10 1.5243 0.902 7.8 
80/20 1.5299 0.916 14,7 
70/30 L.5378 0.933 24.9 
Tsoprene 1.5212 0.897 — 


The refractive index nf of GR-S has beeu reported as 1.53507 (mean value) (J). 
The density is about 0.93 (exact value depends on styrene content). Sodium and Al- 
fm-catalyzed. polymers posseys lower refractive indexes than the corresponding emul- 
sion polymers. Alfin polymers have lower deusities than emulston polymers, 

Data (see Table IT) were recently reported on the second-order transition tempera- 
ture (t,) and brittle point (é,) of a group of synthetic rubbers, (When a high polymer 
of regular structure is slowly cooled, a temperature (t,) is reached at which it begins to 
crystallize, as indicated by a sudden decrease in volume. Such a chauge is a first- 
order change. If the partly crystallized polymer is slowly cooled to still lower tem- 
peratures, a second break in the volume—temperature curve is obtained at a tempera- 
ture known as the second-order transition temperature (,). As this temperature is 
approached, the hysteresis, dynamic modulus, and internal viscosity of the polymer 
merease greatly, Many rubber-like polymers which do not crystallize readily or at 
allinay not exhibit at, value but do have a, value) (38) . 
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TABLE II. Second-Order Transition Temperatures and Brittle Points of Seme Synthetic Rubbers. 








Polymer ba OCe ty, CCL ‘ ty, °C. ni 
Natural rubber.............0....... 75 -73 —58 1.5188 
Chloroprene. ......0... 00.00. e cee —50 —- ~38.5 1.5578 
Polybutadiene.. 6.2.0... 0. eee, —85 —88 —66 1.6190 
GR-S X-387 (22% styrene).......... —07 — —58 1.5825 
GR-I X-25 (butyl rubber). 000.0 0000. —75 — —— 4.5081 





* Rotractometric method. 
6 Coefficient of thermal expansion method. 


The specific heat of GR-S has been reported as 0.454 cal./gram/°C. at 26-27°C. 
(26). A similar value of 0.472 + 0,004 between 20 and 50°C. has been reported for 
Buna § (29). The heat of combustion of Buna § is 10,396 + 3 cal./gram at 20°C.,, 
constant vohime. 

Test Methods. Dilute solution viscosity measurements are useful for the calcula- 
tion of molecular weight by the expression: 


[n] = KM 


where [y] is the intrinsic viscosity; 1/4 the molecular weight; and K and «@ are con- 
stants. Table TIT gives values for K and a which have been established for imeasure- 
ments in toluene solutions (30). B.L. Johnson and co-workers have shown how fac- 
tors in the polymerization of GR-S and polybutadiene which decrease linearity, 
such as increasing polymerization temperature, decrease in modifier, or increasing 
conversion, have the effect of decreasing the exponent to lower values, approaching 
0.5 (17). 


TABLE III. Values for A and a. 








Polymer KX 104 ' a 
Natural rubher...... 00.00.0000. 00 cee ees 5.02 0.667 
GRAB eee eee eee 5.25 0.67 
Buna Now. eee eee eee 4.9 0). 64. 
Neoprene... 00. eee 5.0 0.615 
Sodium polybutadiene. ,............0 00005 11.0 0.62 





Unsaturation of diene polymers can be readily determined by titration with iodine 
monochloride (20) (see Table IV). An ultraviolet spectrophotometric method for the 


TABLE IV. Unsaturation of Diene Polymers. 

















Unsaturation, 
Polymer % of theoretinal 
GR-S.o cece eee ene 100 
Emulsion polybutadiene........0 0.00.00. 0c 97-98 
Tamulsion polyisoprene... 0... 97 
Sodium polybutadiene. 0.0.0.0. 0. 0. eee ee 92 
Sodium polyisoprene... 20... ee eee 85 





determination of combined styrene in butadiene-styrene copolymers has been widely 
employed (22). Test methods for crude GR-S were widely employed in a study of its 
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molecular weight fractions (40). Titration with perbenzoic acid yields information 
on the relative proportion of internal double bonds (those formed by 1,4-addition of 
butadiene) and external double bonds (18) (those formed by 1,2-addition), The 
internal double bonds react with perbengoie acid much more rapidly than the external 
double bonds. Dilatometrie measurements yield information on molecular regularity 
of structure in synthetic polymers (21). 

Chemical Properties and Derivatives. ‘The high degree of unsaturation of GR-S 
and similar polymers renders them sensitive to the effect of oxygen, especially at 
elevated temperatures and in the presence of light. Only a small amount of antioxi- 
dant greatly increases the stability to oxygen, but commercially 1.25-1.50% autioxi- 
dant is used (13). 

GR-S under special conditions can be cyclized, chlorinated, ete. to prepare chemi- 
cal derivatives in a manner similar to that employed on natural rubber, but the re- 
actions are more difficult to accomplish and have had little commercial utilization. 
However, synthetic polyisoprene possesses the same high degree of chemical reactivity 
as natural rubher toward hydrogen chloride, chlorine, cyclizing agents, and others. 
During World War II, synthetic cyclized polyisoprene (Pliolite 8-1) was produced 
commercially as a replacement for the natural rubber prochiet C1 1,17,19). 


CORRELATION WITH STRUCTORIG 

Tt is clear that exact duplication by man of the macro- and microstructure of 
natural rubber cannot be accomplished in the foreseeable future. Natural rubber 
possesses a very high molecular weight in a remarkably uniform molecular structure 
in which the isoprene units are joined by 1,4-addition ina regular heacl-to-tail fashion 
aud with the cis configuration around each of the double bonds (see page 815). Such 
a regular structure permits a high percentage of the molecules to array themselves 
in a crystalline pattern when stretched, and, thus internally reinforced, to exhibit 
high tensile strength in the gum stocks. Such behavior cannot be matched by syn- 
thetic butadiene or isoprene polymers, although some cold rubbers, when tested as 
vulcanized. latex cast films, have shown considerable improvement im tensile strength 
over regular GR-5. See also Polymers. 

Butadiene and styrene have provided the basis for the synthetic rubbers in 
greatest commercial use today, cither as GR-§ in the U.S. or as Buna 8 in Germany. 
These copclymers are basically similar except m molecular weight and molecular 
weight distribution. General-purpose GR-S is a completely benzene-soluble polymer 
with a Mooney viscosity of 50 MI.-4 and a dilute solution viscosity of 1.8-2.0. It 
possesses a rather broad molecular-weight distribution from fractions of soft gummy 
material to a very tough, nervy rubher polymer. Molecular weight varies from a few 
thousand to over one million with a large fraction of the weight of the polymer in the 
range of 100,000-300,000. 

Buna §, on the other hand, is of much higher average molecular weight, contains 
very little of the soft gummy material in GR-S, and does have a substantial amount of 
gel. It was produced in polymerization recipes containing little modifier. The orig- 
inal Buna 8 was produced with a soap of linseed oil as emulsifier which also acted as a 
mild cham-transfer agent. It possesses a plasticity corresponding to a Mooney 
viscosity of over 200 (or a Defo number of 5000). Later production was shifted to 
Buna 83 with a Defo value of 3000 or Mooney viscosity of about 125. The Bunas are 
of such high molecular weight that they must be heat-softened for use in conventional 
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rubber processing equipment. The average molecular weight is thereby greatly 
decreased, and the gel content disappears, so that the molecular-weight distribution 
more Closely approximates that of GR-S except that there is a higher percentage of the 
high-molecular-weight portion. 

GR-S and Buna § possess very similar microstructure features. They are made 
at approximately the same temperature (40-50°C.) to approximately the same con- 
version (60-70%) and styrene content (20-25%). Such differences in properties as 
exist must be attributed almost entirely to the differences in the macrostructural 
features. 

Lowered polymerization temperature, however, is now known to produce major 
changes in the macro- aud microstructural features, as can be shown by comparison 
of GR-S polymerized at: 50°C. with cold rubber produced at 5°C. One of the first 
changes noted is the more regular combination of butadiene and styrene. For GR-S 
polymerized at 50° a striking heterogeneity occurs in the combined butadiene- 
styrene ratio of copolymer formed at various conversions. For example, a 78% con- 
version GR-S with an average styrene content of 21% is actually made up of polymer 
units containing from 17.2 to 28.6% styrene. Much less variation occurs in the com- 
hined butadiene-styrene ratio of polymer prepared at 5°C. However, it is doubtful 
that this feature plays much part in contributing to the higher quality of cold rubber. 
Substantially less modifier is required at lower temperatures to produce 50 Mooney 
pclymers than at 50°C. Molecular-weight-distribution studies show less low-molec- 
ular-weight fractions and more high-molecular-weight fractions in cold rubber than in 
regular GR-S. Comparison of intrinsic viscosity data and average molecular weight 
of polymers preparec| at, various temperatures definitely indicates a more linear poly- 
mer (less cross linking), with lowered polymerization temperatures. 

Lower polymerization temperature exerts a negligible effect on the proportion 
of 1,4- and 1,2-addition of butadiene. At 50°C. about 23% of the butadiene enters 
the polymer by !,2-addition. This value drops 8-4% when the polymerization tem- 
perature drops to ~20°C. Of greater interest is the effect of temperature on the cis 
and trans configurations around the double bonds formed by 1,4-addition of butadiene. 
In polymers prepared at 50°C., about 75-80% of internal double bonds formed by 
1,4-addition possess the trans configuration. At 0°C., this value is over 90% and at 
~— 20°C. virtually all the internal bonds exhibit the trans configuration. ‘These con- 
clusions from infrared absorption studies are substantially confirmed by x-ray studies 
of the structural regularity of stretched butadiene polymers prepared at various 
temperatures and by dilatometer studies of crystallization at low temperatures and 
molecular regularity. 

To summarize, cold rubber differs from GR-8 in possessing a more regular struc- 
ture internally. The molecules are more homogeneous with respect to distribution 
of styrene content in the individual molecule and with respect to geometric configura- 
tion around the internal double bonds. There is less of the very low-molecular-weight: 
fraction in cold rubber so that the overall molecular-weight distrilyation is narrower 
than for GR-S. In other words, the average molecular weight of cold rubber is sub- 
stantially higher than for GR-S. The amount of crosslinking and branching’is also 
considerably reduced. These factors are favorable as they are conducive to more 
complete and efficient interaction of the polymer with carbon black, and thus result in 
higher tensile strength, tear strength, flex life, and abrasion resistance. The result is 
improved quality in the final product. 
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The recent work on the extension of high-molecular-weight polymers with oils 
is confirmation of the fact that such polymers possess intrinsically superior quality, 
particularly with respect to resilience and abrasion resistance. They can tolerate 
dilution or extension with substantial amount of inert materials thereby forming master- 
batches which retain the good properties of the base polymer. The oil apparently 
functions as an “internal lubricant”? and allows polymers to be processed iu conven- 
tional equipment which otherwise would not be suitable. This approach to the utiliza- 
tion of superior high-molecular-weight polymers is now considered preferable to the 
German procedure of heat-softening to obtain processing efficiency. 


Special Synthetic Rubbers 


GR-S and its variations constitute the vast bulk of synthetic rabher consumed in 
the U.S. However, a number of special synthetic rubbers, although employed. in 
much smaller volume, have firmly established themselves for specific applications. 
Table V illustrates the relative importance volume-wise of the types of rubber con- 
sumed. 


TABLE VY. U.S. New Rubber Consumption—1952. 
(Long Tons) 








Natural rubber.........00...000.. pees 453, 846 
GRAB. ca eee peer ees 666, 420 
Butyl. cece eee tas 71,229 
Neoprene... 2.0. cee ees 55, 522 
Nitrile type...... 0.00... eee ee 13,866 
Miscellaneous (est.)....0 0.0.00 00 0 eee eee 9,000 

Potal, occ ee tee nets 1,269,883 





BUTYL RUBBER 


Butyl rubber is produced by the polymerization of isobutylene and a small amount 
of isoprene at —125 to —150°F. in the presence of a Friedel-Crafts catalyst. Poly- 
isobutylene is completely saturated except for a double bond believed to be present 
at one end of each chain; thus it cannot be vuleanized by conventional procedures, 
However, it occurred to research workers of the Standard Oil Development Company 
of New Jersey to polymerize isobutylene with very small amounts (1 to 2 mole per cent) 
of a diene such as butadiene to leave residual unsaturation in the polymer to allow 
vulcanization. Butylis outstanding because of its very low permeability to gases such 
as oxygen and nitrogen, and it soon replaced natural rubber for tire inner tubes. 
The pure polymer is colorless, odorless, and tasteless, and has a density of 0.91 (86). 

Cold buckling of butyl tubes became a serious problem, especially in the northern 
part of the U.S. and Canada. After extensive research and compounding studies, it 
was found that if the molecular weight of the polymer employed was substantially 
increased and plasticizers were added to retain the desired processing characteristics, 
the cold buckling problem could be solved, The superiority of butyl for tubes has 
tended to obscure its value for other applications. Recently, however, it was reported 
that in tire tests against GR-S, butyl in tread stocks exhibited tread wear which com- 
pared very favorably with the GR-S control. 

Polymerization proceeds by an ionic mechanism whereby monomer units are 
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joined by a regular head-to-tail mode of addition. Ozonolysis studies demoustrated 
that the isoprene units entered the polymer almost entirely by 1,4-addition. Iso- 
prene units are distributed in random fashion through the molecule rather than in 
uninterrupted sequences. 

Butyl is generally assumed to be free of cross-linkages, although there is no direct 
evidence for their absence. Little is known about the degree of branching in the mole- 
cules. The fact that a highly developed state of crystallization occurs on stretching 
does not rule out this structural feature, since polyethylene, which is known to have a 
moderate degree of branching, also crystallizes readily. In addition to low permea- 
bility to gases, vulcanized butyl possesses a large number of excellent properties 
such as high gum tensile strength (3000-3500 p.s.i., 800-1000% elongation). In 
comparison with natural rubber, butyl is approximately equal in resistance to tear 
and abrasion and in electrical properties, It is superior to natural rubber in resistance 
to ozone and oxygen and in flex crack life. The resistance of butyl to many chemicals, 
including acids and alkalies, is excellent. Although readily swollen by petroleum 
hydrocarbons, butyl stocks are very resistant to swelling by animal and vegetable oils. 

The resilience of butyl at room temperature is comparatively low, but at cle- 
vated temperatures (212°F.) the resilience is markedly increased. Low temperature 
properties, as measured by brittle point and Gehman freeze point, are very similar to 
those of natural rubber, but when measured by the minimum rebound resilience (+3° 
F.), it is much inferior to natural rubber (--36°F.). 

Many improvements have been made in butyl since its first commercial produc- 
tion in 1943. Adjustments have been mace in the degree of unsaturation, molecular 
weight, and its distribution so that the grades available today are superior to those 
originally produced. As these improvements are made and greater resilience is built 
into the polymer, applications of butyl will undoubtedly expand. 


NITRILE RUBBERS 


Another important class of special synthetic rubbers consists of copolymers of 
butadiene and acrylonitrile, origmally developed by the Germans as Buna N. Nitrile 
copolymers exhibit excellent solvent resistance with minimum loss of low-temperature 
flexibility. Much of the prewar research on synthetic rubber in the U.S. was concen- 
trated in this field since one of our interests was elastomers superior to natural rubber 
in oil resistance. Since about 1938, a number of types have been developed by Stand- 
ard Oil and various rubber companies which are now standard items of ecommerce. 
These are sold under trade names such as Butaprene (Firestone), Chemigum (Good- 
year), Hycar (Goodrich), and Paracril (U.S. Rubber). 

Properties of these copolymers can be varied at will by changing the ratio of buta- 
diene and acrylonitrile employed. Almost all of the commercial polymers contain 
about 20,30, or 40% acrylouitrile. Invariably asthe amount of acrylonitrile is increased 
the oil resistance is also increased, but low-temperature flexibility suffers. Certain 
properties of these polymers can be controlled by the polymerization condttions, but 
so far it has been impossible to achieve any real pmprovement in the balance of proper- 
ties between oil resistance and low-temperature flexibility. A linear relation can be 
drawn between combined acrylonitrile content and second-order transition tem- 
perature (89). Processing characteristics can be changed by controlling the gel con- 
tent, molecular weight, and molecular-weight distribution of the polymer. 

In recent years the concept of cold rubber has been carried over to the nitrile 
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rubbers. Polymerization at 5°C. results in polymers with improved tensile strength 
and increased solubility in aromatic hydrocarbons, which leads to improved process- 
ability. This development may ultimately have the same effect as cold rubber has had 
on the production of GR-S. 

Very few data have been published on the emulsion copolymerization of butadiene 
and acrylonitrile. The polymer is insoluble in butadiene and thus may contribute to 
the heterogeneity of the oil-phase portion of the system. Another complication is the 
appreciable solubility of acrylonitrile in water and extreme reactivity toward other 
polymerization ingredients such as catalysts, mercaptans, andamines. A study on the 
compositional heterogeneity of butadicne-acrylonitrile copolymers prepared at 5°C. 
showed that with a charge ratio of 75/25 butadienc/acrylonitrile, the bound acryloni- 
trile in the initial polymer is higher than in the charge ratio, so that, with increasmg 
conversion, polymer of higher butadiene content is formed (10). With a 50/50 
butadiene/acrylonitrile charge ratio, the polymer formed is remarkably uniform chemi- 
cally up to as high as 90% conversion. 


THIOKOL 


Thiokol represents the polysulfide type rubbers prepared. by the reaction of a 
sodium polysulfide with an organic dichloride (12), The first Thiokol (type A) 
was manufactured from sodium tetrasulfide, Nas&s, and ethylene dichloride. It, is 
rather hard and tough at room temperatures but readily softens on the hot mill. Im- 
proved varieties with a greater range of rubber-like properties are obtained by the re- 
action of other sodium polysulfides with other dihalides such as di(chloroethyl) 
formal (bis(2-chloroethoxy)methane), CH»(OCH,CH2C1)., alone or admixed with ethyl- 
ene dichloride (type FA). 

A Thiokol of this type is chemically plasticized by peptizing agents (benzothiazolyl 
disulfide or tetramethylthiuram disulfide) which cleave the polysulfide linkages. 
Cure with zinc oxide consists of recombination of these fragmeits ito longer chains, 
but without crosslinking. Absence of crosslinking is the reason for the poor com- 
pression set resistance exhibited hy this class of Thiokol. 

An improved type was later introduced, known as Thiokol ST or PR-1, which 
contains terminal thiol (mercapto) groups im a branched structure of sufficiently low 
molecular weight to permit easy processing. When this type is vulcanized with oxi- 
dizing agents the thiol groups are converted to disulfide linkages. The cross-linked 
vulcanizate exhibits better compression set resistance than Type A or FA. Ovxidizing 
agents recommended for vulcanization include lead dioxide, zine oxide, organic per- 
oxides, and quinone dioxime. Of unusual interest are the polysulfide liquid polymers 
recently introduced. .The commercially available varieties have molecular weights 
of 300, 1000, and 4000 and are produced from polymers of initially much higher mo- 
lecular weight mace by reaction of a mixture of 98 mole per cent of di(chloroethyl) 
formal and 2 mole per cent of 1,2,3-trichloropropane with sodium polysulfide. Cleav- 
age with selected amounts of reducing agents yields low-molecular-weight branched 
polymers with terminal thiol groups. Curing is accomplished by oxidation to disulfide 
linkages. . 

Table VI summarizes properties of commercial Thiokols. Thiokol polymers are 
outstanding for solvent and oil resistance, impermeability to vapors and gases, and 
Tesistance to oxygen, ozone, and light. The resistance to swelling by solvents depends 
largely on the weight per cent of sulfur in the polymer. Although of low tensile 
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strength, poor abrasion resistance, and in some cases poor odor, the Thiokols are emi- 
nently suitable for many mechanical rubher goads. 


TABLE VI. Properties of Commercial Thiokols. 





Oross- 





Thiokol Hulide Rank@ linked ‘Terminals 
Type A Ethylene dichloride 4.0 No Unknown 
Type FA Ethylene dichloride and di(chloro- 

ethyl) formal 1.8 No Unknown 
Type ST Di(ehloroethyl) forma] 2.25 Yes Thiol 
PR-1 Mthylene dichloride and di(chloro- 

ethyl) formal 2.0 Yes Thiol 
TL.P-2, -3, -8 Di(chloroethy]) formal (98%) and tri- 

chloropropane (2%) — Yes Thiol 








* Refers to average number of sulfur atoms in polysulfide linkage. 


Of some surprise is the excellent balance between low-temperature flexibility and 
solvent resistance obtainable with certain Thiokol polymers, Those prepared from 
‘lichloroethyl formal (type ST) are claimed to have a useful temperature range from 
— 65 to 350°R. 


SILICONL RUBBERS 
Silicone rubbers constitute one of the newest classes of rubber-like polymers to be 
commercially produced and exhibit physical and chemical properties not shared by 
any other type. Chemically they are specially prepared polymers of purified dimethyl- 
siloxane in which the reaction is controlled to give linear chains of several thousand 
units: 
cm pe ca qs 
+e Si-O is O-—-Si—0O 
| 
CH; bus, CH; CHa 





The unique properties of silicone polymers are partially explained by the fact that the 
bond energy of the silicoue-oxygen linkage is about 1.5 times as strong as the carbon- 
carbon. linkage in hydrocarbon polymers. Although the polymer is saturated it can 
be vuleanized by heating with a source of free radicals such as benzoyl peroxide. 
The free radicals derived from benzoyl peroxide probably abstract hydrogen atoms 
from the polymer molecules. ‘The unsatisfied valences on the polymer molecules then 
give vise to cross-links which result in a vulcanized product. Commercially, silicone 
rubbers are produced by General Electric and Dow Corning Corporation. See also 
Stlecones. 

The outstanding characteristic of stlicone rubbers is their very broad useful tem- 
perature range (from —100°F. to +500°F.), In this range flexibility, resilience, 
and tensile strength are retained to an amazing degree. Silicone rubber stocks are 
noncorrosive, odorless, and have a fair degree of chemical resistance. They can be 
used, for example, in contact with Inbricating, animal, and vegetable oils, alcohols, 
dilute acids, and alkalies. However, they swell excessively in benzene, toluene, gaso- 
line, and carbon tetrachloride, Resistance to steam at elevated temperatures is ques- 
tionable. Resistance to weathering, the electric arc, and ozone is excellent, Recent 
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advances in compounding have largely overcome the major deficiency of poor stress- 
strain properties. 

Because of their expense, silicone polymers are normally émployed only th appli- 
vations where their unique properties are required. Thus they are of extreme value 
in many aircraft applications such as jet engine components, aircraft ducting, gaskets, 
seals, and diaphragms. heir heat resistance makes them highly desirable in all 
types of equipment and appliances such as stove gaskets and closures in steam trons, 
Their nonstieking properties are valuable for valve seats, mill rolls, etc. 


ACRYLIC RUBBERS 


Polymers of acrylic acid esters vary froin hard plastics to soft, waxy polymers, 
depending upon the specific ester employed. Esters from alcohols of intermediate 
molecular weight, such as the ethyl and butyl esters, yield rubbery products. Since 
they are saturated, vulcanization of these polymers has been a major problem. Recent: 
work suggests that alkaline reagents such as sodium metasilicate, potassium hydroxide, 
or lead oxide are satisfactory vulcanization agents. It is suggested that cross-linking 
occurs by the Claisen-type condensation reaction with the elimination of alcohol (1): 


—CHe—CH— —CH,--CH— 


| 
bane C=0 


OC.Hs catalyst 
— 


H 
—C ftp —CH,—C-— 
=O = 
{ ICs OCT, 


Pioneering work on acrylate rubbers was done by research workers of the Eastern 
Regional Research Laboratories, U.S. Department of Agriculture. Lactoprene is 
polyethy] acrylate and lactoprene EV is a 95-5 copolymer of ethyl acrylate and 2- 
chloroethyl vinyl ether. Introduction of the chlorine-containing monomer greatly 
improved the vulcanizability of the polymer so that reagents such as amines and sulfur 
could produce a satisfactory cure. These have subsequently been commercialized 
by B. F. Goodrich Chemical Company as Hycar PA, PA 21, and PA 81. More re- 
ceutly, lactoprene EN and BN, which are copolymers of acrylates and acrylonitrile, 
have been developed by the Eastern Regional Research Laboratories. ‘These are being 
commercialized as Acrylon Rubbers EA-5 and BA-12 by the American Monomer 
Corporation, Leominster, Massachusetts. Acrylonitrile improves the oil, water, 
and steam resistance but with some sacrifice in low-temperature flexibility. 

Acrylic rubbers as a class possess good flex resistance, resistance to hot oils and air 
up to 300-250°F., unlimited resistance to oxygen and ozone, low permeability to hydro- 
gen, helium, and carbon dioxide, and resistance to discoloration in sunlight. They 
demonstrate good. resistance to hot petroleum oils but very poor resistance to water, 
alcohol, acetic acid, and other oxygenated solvents. Most acrylate rubbers are not 
recommended for applications below —10°F. A high price of about $1.00/Ib. has 
limited the applications of acrylate rubbers, but potentially they can be produced 
and sold for a substantially lower figure. 
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POLYESTER RUBBERS 

Considerable interest has been shown in a new type of condensation polymer 
exploited in Germany as Vulcollan (2) aud in England as Vuleaprene (15). The first 
step in the synthesis of Vulcollan consists of the preparation of a polyester by reaction 
of ethylene glycol and adipie acid. A suitable starting material has a hydroxyl 
mmnber (mg. KOH equivalent to the acetic anhydride required to react with a 1-gram 
sample) of 50-60, and acid number (mg. KOH required to react with a 1-gram sample) 
of 1, molecular weight of 2000-3000, and a softening-point range of 60-70°C. Re- 
placement of part of the ethylene glycol with 1,2-propylene glycol results in a final 
polymer of decreased hardening tendency but at some sacrifice in tensile strength. 
The dry polyester is then allowed to react with au excess of a diisocyanate. The 
isocyanate group reacts with a terminal hydroxide group: 


RNCO + HOR’ ———~ RNHCOOR’ 


The reaction is very rapid and exothermic. A preferred reactant is 1,5-naphthylene 
diisocyanate since this gives the “expanded” molecular structure apparently needed 
for best development of rubber-like properties. The addition of a small amount of 
water forms substituted urea linkages with the liberation of carbon dioxide: 


RNCO + OCNR + H20 ——-— RNHCONHR + CO, 
where Ris a polymer unit; the reaction: 
RNHCONHR + OCNR —-——> RNCONHR 
CONER 


then leads to cross-linkages. Subsequent heating, as in the molding operation, 
drives the reaction to completion with the formation of a giant network structure. A 
elycol, such as ethylene glycol or 1,4-butanediol, is preferably used in the molding opera- 
tion instead of water since no gas is given off to cause blowing during the molding opera- 
tion, 

Vulcollan polymers are characterized by high gum tensile strength, high modulus, 
and. good resilience, excellent resistance to ozone and aging’, low permeability to gases, 
oxtremely good resistance to abrasion, and higher resistance to solvents than exhibited 
by natural rubber or Buna 8. Their resistance to acids and alkalies is very poor. 

' They are resistant to water up to 70°C., but at higher temperature they are gradually 
saponified. Low-temperature flexibility is only fair compared to that of natural 
rubber and GR-S8. The properties mentioned would suggest applications for prod- 
ucts eneountering severe wear such as shoe heels, Other suggested applications 
include joints, gaskets, hose, tubing which comes In contact with gasoline, adhesives. 
varnishes, lacquers, coatings for paper and cloth, and many mechanical goods in which 
its properties of extreme toughness and high abrasion resistance are required. 

British workers have taken a somewhat different approach in the preparation of 
Vuleaprene diisocyanate elastomers. For example, in the preparation of Vulca- 
prene-A, a polyester amide of molecular weight 5000 is first formed by condensation 
of ethylene glycol, monoethanolamine, and adipic acid. This.chain is then extended 
by reaction with hexamethylene diisocyanate. Cross-linking is finally accomplished 
by the addition of formaldehyde-liberating reagents. 

Vulcaprene has not given as promising results as Vuleollan in rubber stocks. 
Tensile strength and tear resistance are inferior to the German product. It has proved 
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primavily of interest as a vuleanizable polymeric plasticizer for coatings and proofings 
in admixture with other materials such as polyvinyl formal, nitrocellulose, and cellu- 
lose acetate. Goodyear has announced the development of Chemigum SL, a poly- 
ester—diisovyanate polymer with improved storage and processing characteristics. 


HYPALON 8-2 
Du Pont in 1952 began the pilot plant production of a uew elastomer, Hypalou 
S-2, prepared by the chlorination of polyethylene to 25-30% chlorine content and re- 
action with sulfur dioxide to introduce a number of sulfonyl chloride groups along the 
polymer chain (87). A definite equation cannot be given but the following is illustra- 
tive of the types of chemical groups in the polymer: 
(—CHs—CHe—)n + Cle -+ SO2 — —CH,—Chh—CH—_C1, -CH,- CI. 


| 
Cl $O,Cl 





The product contains approximately one chlorine atom for every 6 to 7 carbon atoms 
and one sulfonyl chloride group for every 100 carbon atoms with random substitution 
along the chain. The crosslinking is accomplished through the sulfonyl chloride 
groups by the addition of metallic oxides, accelerators, and organic acids. Toven 
though the polymer is completely saturated, the addition of standard accelerators 
has been found desirable for the attaiiment of optimum physical properties. The 
presence of 1 small amount of water is necessary for cure under normal conditions, 
Curmg in the presence of a metal oxide such as magnesia probably involves the for- 
mation of a cross-linked magnesiim salt. TLypalon 8-2 stocks are stated to exhibit, 
excellent resistance to sunlight and weather, good resistance to heat, low water ab- 
sorption, flexibility without addition of plasticizers, outstanding abrasion resistance, 
excellent flex resistance, good low-temperature properties, outstanding resistance to 
oxygen and ozone, and good electrical properties. All of these properties would point: 
to the use of Hypalon 8-2 in many mechanical goods. However, its compatibility 
with natural rubber and GR-S also suggests its use in the tread and sidewalls of tires. 
For example, it has recently heen reported that the incorporation of Hypalon 8-2 in 
tire stocks preatly improves their resistance to ozone, 


MISCELLANEOUS TYPES 

Saran with excellent rubber-like properties was introduced by Dow Chemical 
Company. Although its exact chemical composition was not disclosed it probably is 
an Internally plasticized copolymer of vinylidene chloride, These polymers can be 
vuleanized with amines in the absence of sulfur compounds. Typical vulcanized 
properties are tensile strengths of 2000-2500 p.s.i., with clongatious of 300-350%. 
Specific gravity is in the range of 1.45-1.55. Suggested uses are in tank linings, in 
view of their outstanding chemical resistance. They are stated to be satisfactory 
for solutions of inorganic salts, acids, bases, fatty acids, turpentine, mineral oil, lubri- 
cating oil, carbon disulfide, and alcohols. In additiou thay have excellent abrasion 
resistance aud fair electrical properties, They can be made to burn but are self 
extinguishing. ‘For coutinuous service Saran rubbers are limited to a temperature of 
150°F, 

Copolymers of butadiene and vinylpyridine have been extensively studied as a 
new type of synthetic rubber. Their applications have been limited because they 
could not be employed satisfactorily in mixtures with natural rubber or GR-8S.. How- 
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ever, in latex form these copolymers have excellent properties as a base for fabric to 
rubber adhesives. The adhesion of rayon and nylon to rubber stocks is greatly im- 
proved by predipping the fabric in a butadiene vinylpyridine latex compounded with 
certain resms. Du Pont marketed a latex known as BAC latex which contained a 
butadiene-vinylpyridine copolymer to improve adhesiou of fabric to rubber stocks, 
The following table lists the adhesions obtainable by the use of various adhesives 
applied to a nylon fabric subsequently cured to natural rubber: 


Adhesive Lb./in. width 
None 2 
Neoprene 571 + RE (resoreino)|-formaldehyde) 8-9 
Rubber + RI 4-8 
BAC + RE 55-65 


General Tire has placed ou the market a latex known as Gen-Tac latex for similar pur- 
poses which is stated to contain a vinylpyridine polymer. 

Other special polymers recently announced which may ultimately achieve com- 
mercial significance are prepared from 177,1#H-perfluoroalkyl acrylates, CFi(CF2),- 
CH,00CCH:CHh:, und are stated to possess exceptional oil and ozone resistance, 
and high heat stability. 


Economic Aspects 


Government-owned facilities include thirteen GR-S copolymer plants, two butyl 
plants, one styrene plant, and nine butadiene plants, including two aleohol-butadiene 
plants. The copolymer plants have a maximum capacity of 860,000 long tons per 
year, and the butyl amual capacity is 90,000 long tons. These facilities represent 
an investment of about #750 million. Table VII lists the operator, location, and maxi- 
mum production capacity of these Government facilities (25a), 

An important part of the program is the research and development activities 
sponsored through the Office of Synthetic Rubber, Reconstruction Finance Corpora- 
tion. The budget for the fiscal year ending June 30, 1953, was 86.5 million for the 
continuation of these activities initiated at the beginning of the program. Partici- 
pants include eight industrial organizations operating GR-8 production plants, the 
Government Laboratories operated by the University of Akron, the Government 
Tive Test Fleet at San Antonio, Texas, the National Bureau of Standards, and ten 
universities, institutes, aud other research orgurizations. 

The industrial organizations are the Copolymer Corporation, Baton Rouge, 
Louisiana; Firestone Tire and Rubber Company, Akron, Ohio; General Tire and Rub- 
ber Company, Baytowu, Texas; B. F. Goodrich Chemical Company, Akron, Ohio; 
Goodyear Synthetic Rubber Corporation, Akron, Ohio; Kentucky Synthetic Rubber 
Corporation, Louisville, Kentucky; Philips Petroleum Company, Borger, Texas; 
and United States Rubber Company, Naugatuck, Connecticut. 

The universities and other organizations cooperating in the research program are: 
University of Akron, Akron, Ohio; Burke Research Company, Detroit, Michigan; 
Case Institute of Technology, Cleveland, Ohio; University of Chicago, Chicago, 
Illinois; Cornell University, Ithaca, New York; University of Delaware, Newark, 
Delaware; University of Tlinois, Urbana, Tiinois; Massachusetts Institute of Tech- 
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nology, Cambridge, Massachusetts; Mellon Institute, Pittsburgh, Pennsylvania, 
and University of Minnesota, Minneapolis, Minnesota. 

Since the end of World War II, there has been much discussion of the Govern- 
ment ownership of synthetic rubber facilities, and the problem of the disposal of these 
plants to private industry. The Rubber Act of 1948, renewed on June 23, 1952, 
called for continued Government control and ownership for 21 months, to March 31, 
1954. It further provided that RFC must submit to the President by March 1, 1953 
its proposals for the disposal, by sale or lease, of the Government plants to private 
industry. The President, in turn, was to submit his recommendations to Congress by 
April 15, 1953. 


TABLE VIL Synthetic Rubber Plants. 








Maximum 
production 
capacity, 
long tons/yr. 


Operator and location 











Copalynier 
Firestone Tire and Rubber Co., Lake Charles, La, 99,600 
Akron, Ohio 30,000 
B.F. Goodrich Chemical Co., Port Neches, Tex. 90,000 
Institute, W.Va. 122,000 
Goodyear Synthetic Rubber Corp., Houston, Tex. 99, 600 
Akron, Ohio 15,200 
United States Rubber Co., Port Neches, Tex. — 89,400 
Naugatuck, Conn, 22,200 
General Tire and Rubber Co., Baytown, Tex, 44,000 
Phillips Chemical Co., Borger, Tex. 66,000 
Midland Rubher Corp., Torrance, Cali, 89,000 
Copolymer Corp., Baton Rouge, La. 49,000 
Kentucky Synthetic Rubber Corp., Louisville, Ky. 44,000 
Butyl rubber 
Esso Standard Oil Co., Baton Rouge, La. 47,000 
Humble Oi} & Refining Co., Baytown, Tex. 43,000 
Buladiene from butylenes 
Maximum 
produstion 
capacity, 
short tons/yr, 
Cities Service Refining Co., Lake Charles, La, 60,000 
Copolymer Corp., Baton Rouge, La, 23 , 000 
Humble Oil & Refining Co., Baytown, Tex. 49,000 
Neches Butane Products Co., Port Neches, Tox. 197,000 
Sinclair Rubber, Inc., Houston, Tex. 78,000 
Butadiene from butane 
Phillips Chemical Co., Borger, Tex. 71,200 
Standard Oil Co. of Cali!, and Shell Chemical Corp., Torrance, Calif, 61,000 
Butadiene from alcohal 
Carbide and Carbon Chemicals Div., Union Carbide and Carbon 87 ,000 
Corp., Louisville, Ky. 
Koppers Company, Inc., Kobuta, Pa. 128,000 
Slyrene 


Dow Chemical Co., Torrance, Calif. 57,000 
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A wide variety of butadiene-styrene copolymers are available from the Office of 
Synthetic Rubber, Reconstruction Finance Corporation. These are identified as 
shown in Table VIII. Hot refers to a polymerization temperature in the range of 
about 122-155°F., and cold to a range of about 41-50°F., depending upon the specific 
polymers. New experimentals are designated by “X’’ numbers, which may subse- 
quently be converted into a GR-S series number, or may be dropped entirely if the 
demand ceases. 


TABLE VII. Butadiene-Styrene Copolymers. 








GR-S Series Deseription 
1000...........04. Hot—uenpigmented 
1100..... 20.02.02, Hot—pigmented (with carbon black) 
1500... Cold-—nonpigmented 
1600.............. Cold—pigmented 
L700... 0.2.2.0 .000. Oil—masterbateh 
1800.00.00 222.000. Oi—masterbateh—pigmented 
2000.........0..,. Hot latex 


2100...... 00.0000. Cold latex 





The rubber industry in the U.S. is still in a vigorous growth period as indicated 
by the following figures on rubber consumption: 


£939--1940-1941 (avi). 0... 674,000 tons 
152 ee cence 1,270,000 tons 
1953 (estd.)..................., 1,288,000 tons (an all-time high figure) 
1960-1963 (av. estd.)..,....0.4-. 1,600,000 tons 


The manufacture of tires has for many years consumed about 24 of the total new 
rubber. Table IX illustrates the growth in this part of the rubber industry. Of 
interest is a study of rubber consumption in terms of natural and synthetic ratio 


TABLE IX. Industry Tire Production (Units in Thousands). 








Passenger ‘Tractor 
and motorcycle Truck-bus implement Airplane Total 
E940... eee 51,110 8,221 1,422 75 60,828 
1941... 0... ..00.. 50,561 11,148 2,100 170 63,979 
AQBL oe ee 65,649 17,859 5,129 359 88 , 906 
19f2....0......... 74,530 16,081 4,228 554 95 , 453 
1053 (estd.)....... 78,000 16,300 5,000 790 100,090 
1960 (estd.)....... 99,650 19,500 7,000 1,000 127,150 





TABLE X. New Rubber Consumption—U.S, 
(Thousands Long Tons) 














Nat. rubber 7 Synthetics Total % Synthetics 
1940.0... 0. 0... eee 649 _ 649 —_ 
1035 9 775 8 783 1 
1945 (war year)....... 105 694. 799 86 
I9BL. eee ee eee 454 760 1,214 62 
1962, cee eee eee 154 816. 1,270 64 
1953 (estd.)........... 535 758 1,288 58 


1960 (estd.)........... _ — 1,600 —_ 
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(see Table X). The estimated rubber consumption in the U.S. in 1953 represents 
approximately one-half of the total 1958 world supply (all in tons): 





World supply World demand 1060-63 estd. world demnand 
Natural rubber,..... 1,700,000 UB. cc eee ee 1, 288; 000 US bene e ee ee 1,600,000 
Synthetie rubher.... 885,000 Rest of world. ...1, 100,000 Rest of world. ...1, 650,000 
2,585,000 2,388,000 3,250,000 
"3500 


3000 





2500 








World natural 
and synthetic 





2000 
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1000 
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Pig. 1. World-wide new rubber consumption (8). 


World-wide consumption of new rubber since 1900 is depicted in Figure 1. 

There has been much discussion of the competition between synthetie rubber 
and natura) rubber for the markets of the future. A study of the expected demand 
for rubber and the potential supplies of new rubber, however, indicates that such a 
debate is academic, If would appear that a market will exist for every pound of nat- 
ural and synthetic mbber that can be produced with curreutly existing facilitios. 
Because of the unsettled conditions in the Far. East, expansion of the rubber planta- 
tions has occurred only to a minor extent and, since a period of 7 years is required for a 
rubber tree to come into bearing, the total supply of natural rubber cannot be expected 
to increase very much before 1960. Similarly, the capacity to produce synthetic rub- 
ber is now at its peak with existing facilities and uew synthetic rubber plants probably 
will not be constructed until a definite decision has been reached concerning the dis- 
posal of the Government-owned plants to private industry. 

In 1958 GR-S sold for 23¢ a pound. Many calculations have been made on the 
market price of GR-S8 produced privately following the expected disposal of the Govern- 
ment plants by sale or by lease arrangement. A study by Heilman conchudes that the 
selling price of GR-S in privately operated plants should lie in the range of 25 to 30¢ 
per pound on. @ long-term basis (16), Masterbatching with rubber processing oils 
offers a price reduction of 3 to 5¢ per pound and means that oil-extended rubbers could 
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sell in the range of 20 to 26¢ per pound. If these calewlations are correct, it ean readily 
he seen that the availability of synthetic rubher to the industry at a reasonable price 
would greatly stabilize its operations and would exercise a tremendous influence on the 
price of natural rubber, In another calculation, it was estimated that the future real 
costs of producing synthetic rubber, either GR-§ or GR-I, could be approximately 
20 to 25¢ in 1950 dollars, including « profit, aud, that this would be the price range 
to which the natural rubber price would tend to adjust (25). 

Synthetic rubber latex is now established on a firm foundation and its uses will 
continue to expand, Its production has enjoyed a steady growth through the 1940's, 
Tn 1952, 40,562 long tons of GR-S synthetic latex was consumed in the U.S. as com- 
pared to 53,567 long tons of natural rubber. 

It is difficult to predict the relative amounts of natural and syuthetie rubbers to 
be consumed by the industry m the near future. Ultimately the balance will be 
struck on at ecouanic basis, since In many cases the two ean be interchanged without 
effect. ou quality. The main fact is, however, that the demands for rubber over the 
next decade will probably increase more rapidly than the supplies of rubber available 
for these purposes. 

The major forcign praducer of synthetic rubber is the Canadian company, Poly 
mer Corporation, Ltd, at Sarnia, Ontario. This is a completely integrated unit, 
with output of polymers corresponding to GR-8, GR-I, and nitrile copolymers sold 
under the genera) trade mark Polysar. Approximate production capacity in 1953 
was 75,000 long tous per year. 

In Western Germany, Buna 8-3 production in 1953 was at the rate of 6,000 tons 
per year at Chemische Werke Huels at Marls, as coinpared to x wartime peak of 45,000 
tons a year, During World War II Italy produced 13,000 tons of synthetic rubber at. 
a plait at Ferrara, Large-scale production is being continued at the Buna works at 
Schkopan, in the Soviet oecupation zone of Germany, and a recent official announce- 
ment stated that annual capacity is to be raised to 60,000 tons by 1955. Plaus are 
being discussed for the production of syuthetic rubber in Brazil, Scotland, France, 
Upper Silesia, aud Hungary. Substantial production capacity for synthetic rubber 
exists in Russia, but details are not available. 
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Neoprene 


Neoprene is a synthetic rubber-like material made from 2-chloro-1,3-butadiene. 
It is supplied both as a dry polymer and in latex form. I+ was discovered and de- 
veloped and is produced by the E. I. du Pont de Nemours and Company. Neoprene 
is a generic term coined from the Greek neos, new, and from the “prene”’ in isoprene 
{2-methyl-1,3-butadiene), the basic hydrocarbon unit: of natural rubber. By analogy 
with isoprene, 2-chloro-1,3-butadiene is called chloroprene. 

The commercial types of neoprene are: 
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Neoprens (dry) type Description 
AC, CG Quick setting neoprene for adhesive cements. 
GN General-purpose neoprene. 
GNA General-purpose neoprene containing an antioxidant. 
GRT Type GN with improved retention of flexibility at subnovmal tem- 
peratures aud hetter tack retention in uncured state, 
KNR Plasticizable neoprene for high-solids cements. 
Q Acrylonitrile copolymer neoprene with better oil resistance than 
Type GN. 
Ss Tough erepe ncoprene for shoe soles. 
Ww General-purpose neoprene with improved storage stability and 
supcrior processing properties, 
WRT Type W with improved retention of Hexibility at subnormal tem- 
peratures, 
Neoprone Solids 
latex type content, % Description 
HTL 50 General-purpose neuprene latex. 
572 50 Neoprene latex for adhesive compositions. 
GOI-A 60 General-purpose high-solids neoprene latex. 
700 50 Neoprene latex for paper saturation. 
735 35 Neoprene latex for addition to paper to give wet 
strength, 
750 50 General-purpose latex with improved retention of 
flexibility at subnormal] Lemmperatures. 
760 60 Type 750 concentrated by ercaming, 


The dry types of nevuprene are available as light colored sticks in, 50-Ib. bags while 
the latex types are shipped in 55-gal. drums and tank cars. Neoprene was first placed 
on the market in 1932 and has been used widely since then because, compared with 
natural rubber, it has a greater resistance to the deteriorating effects of weather (9), 
heat, ozone (10), petroleum products, vegetable oils, animal fats, and many chemicals. 

Properties of Dry Neoprenes. Theo neoprenes, except Type 8, resemble milled 
natural rubber in their physical state and mechanical behavior; they can be worked and 
mixed with pigments and vulcanizing agents on rubber mills or in mixers and their 
compositions can be extruded, calendered, and molded. Unlike natural rubber the 
neopreues are vulcanized with metallic oxides; 4 parts of a neoprene-grade magnesia 
and 5 parts of zine oxide are used in most compositions. 2-Morcapto-2-imidazoline 
(2-imitlazoline-2-thiol) and the 1,3-di-o-tolylguanidine salt of dipyrocatechol borate 
are accelerators of neoprene vulcanization (4). An antioxidant is added to preserve 
the composition, and softeners and fillers are used in the same manner as they are in 
natural rubber. By the proper choice of compounding ingredients, compositions are 
obtained having widely different physical properties for many different products 
for use under many ditferent conditions (2,3,8,12). Depending upon the composition, 
vulcanized neoprene compounds may have tensile strengths up to 4500 p.s.i. and the 
elongation may be as high as 1000%. 

The neoprenes provide compositions that are only slightly swollen by vegetable 
oils, mineral oils, paraffin hydrocarbons, and greases, without any marked loss of 
strength. They are highly swollen, however, by chlorinated and aromatie hydro- 
carbons. Neoprene products, although decomposed in a flame, do not support com- 
bustion. They are only about 14 as permeable to hydrogen, helium, nitrogen, oxygen, 
and carbon dioxide as natural rubber (1,7). Neoprene compositions are somewhat 
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inferior to similar compositions of natural rubber in tear resistance, in retention of 
flexibility at subnormal temperatures, and in resistivity, 

Raw, uncumpounded neoprene has a specific gravity of 1.23. It is soluble in such 
solvents as benzene, toluene, xylene, ethyl acetate, and methyl ethyl ketone and in 
mixtures of aromatic hydrocarbons such as toluene with aliphatic hydrocarbons such 
as hexane and gasoline, but is insoluble in methanal, ethyl alcahal, acetone, and 
aliphatic hydrocarbons. 

Properties of Neoprene Latexes. ‘Che commercial neoprene latexes are alkaline 
dispersions of polymerized chloroprene in water contaiming dispersing and stabilizing 
agents. The particles in these latexes aré negatively charged and are uniformly about 
0.15 micron in diameter. The neoprene may be deposited from latex as an elastomeric 
film by coagulation with salts, methanol, ethyl aleohol, acetone, or with dispersions 
whose particles are positively charged; by drying; by freezing; by filtermg on porous 
surfaces; by electrodepositiou; and by gelation with sodium fluosilicate, ammonium 
salts, nitroparaffin derivatives, polyvinyl methyl ether, or other substances. In 
general, neoprene latexes are compounded by the methods used for natural rubber 
latex. As a role each neoprene latex compound requires sulfur, zine oxide, and an 
accelerator to obtain the highest strength and most elastic products. The most com- 
monly used accelerators are p-dinitrosobenzene polymer, thiocarbanilide, sodium 
di-n-butyldithiocarbamate, and the piperidine salt of 1-piperidineearbodithioic acid. 
All produets made from neoprene latexes should be compounded with an antioxidant. 


MANUFACTURE 
The manufacture of cry neoprene comprises four basic steps (6): 


(1) Acetylene polymerization to vinylucetylenc: 











2 HC=CH > Clh=CH-—-C==Clt 
(2) Vinylacetylene hydrochlorination to chloroprene: 


CH ==CH--C=2CH + Hel > CUe=CCl-CH=-CMs 





(3) Chloroprene polymerization to neoprene: 





na Ci==CCLCH=CH, + (—-CH,—-CCl=CH—CILe—)n 


(4) Isolation of neoprene from latex. 


Vinylacetylene is formed by passing acetylene continuously through a catalyst 
consisting of a weak hydrochloric acid solution of cuprous and potassium chlorides 
at 55-65°C. contained in a horizontally agitated copper vessel (14). The gas from the 
reactor is passed through a condenser to remove most of the water, dried by contact 
with calcium carbide, and then passed into low-temperature condensers and into a 
fractionating system to separate the reaction products. Vinylacetylene is a colorless 
liquid having a sharp, sweet odor and boiling at 5.5°C. at 760 mm. See also Reppe 
chemistry. 

Gascous vinylacetylene adds an equivalent weight of hydrogen chloride in the 
presence of an aqueous solution of cuprous chloride to form 1-chloro-2,3-butadiene, 
which rearranges to 2-chloro-1,3-butadiene. The metallic chloride catalyst is con- 
tained in a horizontally agitated reactor held at 35-45°C. The exit PASES are COn- 
densed, the separated water is returned to the reactor, and the organic layer is dried. 
The uureacted vinylacetylene is recovered by stripping with nitrogen (15) and the 
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chloroprene is separated from higher boiling by-products by continuous vacuum frac- 
tionation. The residue is essentially polymerized chloroprene and 1,3-dichloro-2- 
butene. Chloroprene is a colorless liquid with a characteristic ethereal odor and a 
boiling point of 59.4°C. at 760 mm. 

The polymerization of chloroprene in making the general-purpose neoprene type 
GN (identical with GR-M government rubber—monovinylacetylene, under which 
designation i, was known during World War IT) is typical of the process used for the 
other dry types and for neoprene latexes. The chloroprene is emulsified in water with 
the aid of a sodium rosin soap (see p. 798) and polymerized by the action of potas- 
sium persulfate (peroxydisulfate) and in the presence of a modifying agent that makes 
the polymer more plastic (16). a 

The practice for neoprene type GN is to dissolve sulfur and rosin in chloroprene 
and to emulsify this solution at 38°C. with water containing caustic soda and the 
sodium salt) of a naphthalenesulfonie acid-formatidehyde condensation product, 
The rosin aud caustic form a rosin soap that stabilizes the emulsion. The condensa- 
tion product is present to stabilize the polymerized emulsion when it is subsequently 
acidified and the sulfur serves as a modifying agent. The emulsion contains 38% of 
chloroprene and is made by recirculating the above chloroprene—-water mixture 
through a centrifugal pump to give particles about 3 microns in diameter. The emul- 
sion is then pumped to a jacketed, glass-lined kettle equipped with a glass-coated 
agitator. Potusstim persulfate is added as a water solution to initiate and to maintain 
the polymerization. Since the polymerization is exothermic, 15.1 + 0.8 kg.-cal. 
pet mole of chloroprene, the temperature is held throughout the reaction at 40 +: 1°C. 
by etreulating brine at — 15°C. through the kettle jacket and by varying the agitator 
speed. ‘The progress of the polymerization is followed by the change in specific gravity 
of the emulsion. At a specific gravity of 1.069, which corresponds tio a chloroprene 
conversion of 91%, the polymerization is stopped by adding tetraethylthinram di- 
sulfide (as a water emulsion of its xylene solution), and the polymerized emulsion is 
cooled to 20°C. At this temperature the latex is aged about 8 hours to plasticize the 
polymer by the aetion of the thiuram disulfide on polymer—sulfur linkages. “The thiu- 
‘am disulfide also acts as a stabilizer in the finished dry polymer. After aging, the 
alkaline latex is acidified to pH 5.5-5.8 with 10% acetic acid. This arrests the alkaline 
plasticizing action, precipitates the rosin which is retained by the polymer, and pre- 
pares the latex for isolation of the polymer. 

Neoprene is isolated from latex (18) by the continuous coagulation of a pelymer 
film on a freeze drum followed by washing and drying. The dry polymer is formed into 
rope-like sections and bagged. The success of this process depends upon having a 
latex that is completely coagulated within a few seconds at, —10 to —15°C, and that 
gives a film strong enough to withstand the stresses imposed upon if i washing and 
drying. 

The acidified latex containing the rosin and the acid-stable dispersing agent, is 
fed through porcelain pipes to a pan in which a stainless steel freeze roll, 9 ft. m diam- 
eter, rotates partly immersed in the latex at a peripheral speed of about 36 ft. per min. 
The roll is cooled to about ~ 15°C. by circulating brine. The polymer in the frozen 
film of latex deposited on the roll is coagulated as the drum makes part of a revolution. 
The film is stripped from the roll by a stationary knife and placed on a continuous 
woven stainless-steel belt where it is thawed and washed. Water is sprayed onto the 
film and.then forced through the film as a result of reduced pressure applied under- 
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neath. The washed film is fed to squeeze rolls where pressure of about 15 psi. 
reduces the water content to 25-80% of the dry weight. The film is dried im a current 
of air at about 120°C. as it is carried continuously through » multipass dryer by an 
endless conveyor of fabric-covered aluminum pirts. The conveyor travels about 5-8 
ft./min. slower than the squeeze rolls, since the film shrinks during the drymg. The 
last two sections of the dryer, held at 50°C., comprise a cooling compartment. The 
dried film is discharged over a driven stripper roll and fed over a water-cooled roll to a 
roper from which the rope is conveyed to the cutter and bagger. 

The other types of dry neoprene are made similarly with variations in the poly- 
merization conditions, that is, the nature and amount of the modilying agent, the use 
of a comonomer, the polymerization temperature, the conversion, and the stabilization 
of the polymer. Similar alterations m the polymerization are made for the neoprene 
latexes, without acidifying the latex and isolating the polymer, to provide dispersions 
that aro stable in storage and suitable for latex processing. 


HEALTH ITAZARDS 


Neoprene has been found to be almost completely devoid of toxic effects in feed- 
ing tests on animals to investigate systemic effeets and in patch tests on humans to 
investigate the possibility of dermatitic action. Neoprene compositions, therefore, 
have been used successfully in such articles as jar rings, can closures, closures for ding 
ampuls, and in gloves, gas masks, and other articles which come into intimate coutact 
with the skin. It is obvious, of course, that for such services the compounding in- 
eredients used along with the neoprene must be selected carefully and the final com- 
position chosen should be retested, 

USES 

In general, the commercial applications for neoprene parallel those of natural 
rubber and the general-purpose butadiene-styrene synthetic rubber (GR-S). Under 
normal market conditions, however, neoprene costs more than cither of these and hence 
is used only where its advantages have conimercial value in excess of the price premium, 
Neoprene is normally used i preference to natural rubber or GR-S in those services 
where there is 4 need for resistance to deterioration by oils, solvents, and many chemi- 
cals and to degradation by sunlight, ozone, weather, or heat: 

The largest single application for neoprene is as a protective jacket over electric 
wite and cable; its purpose is to protect the wire and insulation from mechanical 
damage during installation and from evrrosion and weathering when in service (sea 
Cable coverings). Large quantities of ucoprene are used for hose, conveyor belting, 
and power transmission belting which is exposed to oil, heat, weather, ov hydrocarbon 
fuely. Other sizable uses are industrial truck tives, work shoo soles, gaskets, sheet 
tank lining, extruded seals, and a host of industrial molded products such as O-rings, 
motor mounts, and pump diaphiagms. Neoprene compositions are made in sponge 
form for use as seals and shock absorbers, and dissolved in a solvent, to produce 
adhesive cements and protective coatings. 

Neoprene latexes are used to make adhesives, coated fabrics, surgical and in- 
dustrial gloves, and other dipped goods (11) and asa wet-strength additive in paper (5). 
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Manufacture of Butadiene 


The literature records 4 great number of methods for producing butadiene. The 
chemistry of butadiene production received quite extensive attention, both in the 
United States and abroad, during the two or three decades preceding World War II. 
Butadiene was first recognized as a component of the products from cracking of petro- 
leum oils by Armstrong and Miller in 1886 (2). The early work antedating the com- 
mercial development of butadiene processes in the American petroleum and chemical 
industries established that this hydrocarbon can be produced by the high temperature 
treatment of a wide variety of petroleum hydrocarbons and other organic compounds. 
However, butadiene yields depend quite markedly upon the type and molecular weight 
of the organic compound thermally treated and also wpon the conditions employed 
in the thermal treatment. Rather complete surveys of the earlier work on the cata- 
lytic and noncatalytic treatment of hydrocarbons (8) and of oxygenated compounds - 
(9) have been given by Egloff and Hulla. See also Butadiene. 

Commercial development of butadiene production processes naturally leaned 
heavily on the extensive early background work mentioned above. However, con- 
siderations of economics and raw material supplies limited the direction of wartime 
development work to six main channels. These have been discussed by Elder (10) 
and by Frolich and Morrell (11) and are enumerated below: (/) thermal cracking 
of hydrocarbons containing more than four carbon atoms; (2) catalytic dehydrogena- 
tion of butenes (1-butene and ezs- and érans-2-butene); (3) catalytic dehydrogenation 
of n-butane; (4) chlorination of butenes followed by dehydrochlorvination of the re- 
sulting dichlorobutanes; (4) catalytic treatment of ethyl alcohol and of ethyl aleohol — 
acetaldehyde mixtures; (6) aldol condensation of acetaldehyde (derived from proc- 
essing of petroleum gases) followed by conversion of the aldol to butadiene. 

Table I lists the butadiene plants in actual or contemplated operation as of Oc- 
tober 1944. This table also shows the rated capacities and types of conversion and 
purification processes employed. Production from ethyl alcohol was very important 
during the early stages of the government-sponsored synthetic rubber program. 


858 RUBBER, SYNTHETIC 


This was due to the fact that construction of the alcohol conversion plants was rela- 
tively simple compared to that of the plants using hydrocarbon raw materials. For 
this reason, the alcohol conversion plants could be placed in operation carlier to meet, 
the wartime emergency needs for synthetic rubber. However, overall economics 
greatly favor the plants enyploying hydrocarbon raw materials, Consequently since 
these came into successful operation, they have provided the bulk of production, the 
alcohol conversion plants being activated only in times of extreme emergency. Of the 
hydrocarbon conversion processes, dehydrogenation of hutenes is most inportant from 
the standpoint of installed capacity. 


THERMAL CRACKING 


Even before the initiation of the government-sponsored synthetic rubber program, 
butadiene was produecd in several privately owned plants by thermal cracking of petro- 
leum hydrocarbons (see Table 1). During the emergency stages of the wartime rub- 
her program, thermal cracking processes received considerable attention as part of a 
“quickie” program sponsored by the Office of the Petroleum Coordinator (1). The 
purpose of this program was to adapt existing petroleum and gas-producing equipment 
to butadiene production. A wamber of plants came into production as a result of this 
program (see Table I), 

Preferred feedstocks for thermal cracking are heavy naphthas and gas oils. 
Cyclohexane is an excellent raw material, but is not used commercially on account of 
its relatively high cost. Cracking temperatures must be ahove 1200°F. for significant 
yields of butadienc. It is general practice in such operations to employ steam as a 
diluent, to maintain low partial pressures of the reactive hydrocarbons produced, and 
thereby minimizing their conversion, largely by polymerization reactious, to less valu- 
able materials. Also, coutact times in the cracking zone must be quite low, that is, 
of the order of a few seconds or less, to prevent decomposition of butadiene aud other 
unsaturated compounds formed during the initial stages of the cracking reaction. 

Thermal eracking plauts operated by the Iisso Standard Oil Company at Baton 
Rouge, Louisiana, as well as those placed in operation during World War IT as part of 
the “quickie” program, employ tubular furnaces with steam as diluent. Another 
type of thermal cracking process developed by the utility gas industry (United Gas 
Improvement Company) employed regenerative stover or fumaces. These are large 
cylindrical shells containing liners sud internal baffles constructed from firebriek. 
The operation of one very large-scale unit during World War II has been described in 
some detail (16). Operation was conducted in a cyclic manner, cracking proceeding 
for a portion of the cycle followed by a reheat period during which fuel was burned 
within the cracking zone. The total cycle time was about six minutes, about one half 
of which was the cracking period. Heavy naphtha was used as feed to cracking along 
with about an equal quantity by weight of superheated steam. Butadiene yield 
amounted to approximately 3.5 wt. % on naphtha cracked. 

Besides butadiene, thermal cracking of naphthas and gas oils produces a mumber of 
other valuable hydrocarbon intermediates including benzene, naphthalene, isoprene, 
piperylene, cyclopentacicne, ethylene, propylene, and butylenes. In fact, recovery 
and utilization of these hydrocarbons is necessary for the thermal cracking processes to 


compete ecouoniically, under normal conditions, with the dehydrogenation processes 
described below. 


RUBBER, SYNTHETIC 859 


CATALYTIC DETIYDROGENATION OF BUTENES 

Large amounts of butenes, CHy=-CHCH.CH, and CH,CH==CHCH;, are pro- 
duced in petroleum refineries during the catalytic cracking of gas oils and heavier frac- 
tions to gasoline, Additional supplies of these olefins are available fron thermal crack- 
ing processes, especially those operated at the higher temperature levels for producing 
ethylene, butadiene, ete. Generally, the butenes, as recovered by conventional re- 
finery distillation operations, are present in a Cy fraction along with isobutylene 
(methylpropene, CH»==C(CH;).) and the two saturated Cy hydrocarbons, n- and iso- 
butane. The catalysts customarily employed for dehydrogenating butenes do not 
appreciably convert isobutylene and the bittanes, and hence these must be removed 
from the butenes fed to debyydrogenation. 

The butanes ure removed by extractive distillation, that is, distillation of the Cy 
hydrovarbon mixture in the presence of a relatively large amount of a somewhat polar 
solvent. Aqueous furfural aud aqueous acetone are solvents used extensively for 
this purpose. These solvents markedly alter the relative volatilities of the constitn- 
ents of the C4 fractions, producing the overall effect of causing the olefins to boil at 
higher temperatures than the normally (that is without solvent) closely boiling paraf- 
fins. ‘The operating procedure for purifying butenes by this principle in a continuously 
operating fractionating column consists of feeding the solvent at a point close to the top 
of the extractive distillation column and the butane-butylene mixture at a lower level. 
The butanes pass overhead from the colwunn, leaving the butylenes dissolved in the 
solvent removed from the bottom of the tower. The solvent is separated from the 
butylenes, generally by a subseqnent distillation, aud recycled to the extractive column. 

In actual practice, extractive distillation is generally used in combination with 
one or more conventional fractionation steps. The latter yield relatively narrow- 
boiling fractious containing only afew of the fairly large number of components presert 
in the total Cy fraction. In one large butadiene plant (5,15), extractive distillation 
with aqueous furfural is utilized to effect the following separations on narrow-boiling, 
prefractionated portions of C, fractions: (7) separation of 1-butene from an isobutane — 
1-butene mixture; (2) separation of eis-and trans-2-butene from a mixture of these with 
n-butane; and (8) separation and purifieation of butadiene from a mixture with 
1-butene. 

When purifying butadiene ((3) above) this hydrocarbon is recovered at the bottom 
of the extractive distillation as a solution m the solvent, the 1-butenc being recovered 
as the tower overhead. Aqueous furfural is used as the solvent for this purpose. 

Isobutylene is generally removed from other Cy hydrocarbons by treatment with 
aqueous sulfuric acid, of a concentration carefully coutrolled so that the isobutylenc 
is clissolved selectively by the acid phase, while only small amonnts of the butenes 
react. The resulting sulfuric acid — isobutylene mixture may be subsequently proc- 
essed to produce either isobutylene, which is the chief raw material for butyl rubber, 
or “diisobutylene,” which is a valuable chemical intermediate. On hydrogenation, 
it yields “isooctane,” an aviation fuel blending agent. 

In the dehydrogenation operation, butenes purified by a suitable combination of 
the processes, described above, together with diluent steam, are brought into contact 
with a solid catalytic material capable of effecting the dehydrogenation of [-butene or 2- 
butene to butadienc, CH,=-CHCH==CHz. 

The dehydrogenation reactions are reversible in the presence of the catalysts used. 
They are also endothermic (approximately 22.5 kg.-cal./mole of butene dehydrogen~ 
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ated) and hence, from thermodynamic considerations, equilibrium is more favorable 
at the higher temperatures. It is necessary to opcrate the dehydrogenation reactor 
at above 1150°F. and at the lowest feasible partial pressure of butene in order to ob- 
tain economic butene conversion levels. 

The catalyst (19) used initially in all the installed butene dehydrogenation plants 
contains a number of conrponents, including compounds of magnesium, copper, iron, 
and potassium. This contact agent (know as catalyst 1707) functions well im the pres- 
ence of the large amounts of steam diluent employed. This behavior is in contrast to 
that of somewhat older contact agents, especially those based on chromium oxide as 
the active component, which become quickly deactivated by steam. Most hydro- 
carbon dehydrogenation reactious, and especially those yielding highly unsaturated 
compounds such as butadiene, produce unstable intermediates which polymerize on 
the catalyst surface. This carbonaceous deposit lowers the activity of the catalyst and 
hence must be removed, either continuously or periodically during operation. ‘The 
1707 catalyst, aud also the more recently developed contact agents mentioned below, 
have the rather remarkable ability of at least partially freemg themselves from such 
deposits by the water-gas reaction. The potassium component of the 1707 catalyst is 
especially beneficial in this regard, since it is a powerful accelerator of the watcr-gas 
reaction, 

The components of catalysts of the 1707 type may be altered cousiderably without 
destroying catalytic activity, and several alternate compositions have been described 
in the patent literature. One of these (known as catalyst 105) contaiming compounds 
of iron, chromium, and potassium, later came ito extensive use m the commercial 
dehydrogenation plants. Besides butadiene and hydrogen, the products from these 
catalysts contain oxides of carbon, methane, ethane, propane, und the lower olefins. 
Paraffins, such as the butanes, and also isobutylene, are not appreciably altered by the 
catalyst and, if present in the feed, must be purged froin the process streams. Ole- * 
finic double bonds shift readily during dehydrogenation, and for this reason 1-butene 
and 2-butenc give the same butadiene yields. Selectivity to butadiene decreases with 
increasing conversion of butene, ranging in the case of the 1707 catalyst from 85 mole % 
at 20% conversion to 65% at 50% conversion. 

Catalytic reactors for effecting dehydrogenation of Initenes must provide for the 
following to obtain economically feasible butadiene yields: (1) relatively low (sub- 
atmospheric) partial pressure of butenes to minimize polyimerization of butadiene and 
attendant reactions that cause deposition of carbouaccous material on the catalyst; 
(2) short: times (few tenths of a second) of contact of butenes with the catalyst; 
(8) reaction temperatures of 1150-1240°F.; (4) meaus for supplying the endothermic 
heat of reaction; (6) means for periodically regencrating the catalyst by removing 
the carbonaceous deposits. The frequency of regencration necessary to maintain a 
satisfactory average level of catalyst activity varies with the operating conditions and 
especially with the nature and composition of the catalyst employed. 

The dehydrogenation reactors in present use in the large commercial installations 
(26) were designed for the 1707 catalyst described above. However, these reactors 
have proved to be readily adaptable to the superior contact agents developed since 

-the reactors were installed. Use of superheated stieam ‘as diluent has proved to be a 
very suitable means for obtaining low butene partial pressures and for supplying the 
endothermic heat of reaction at the necessary temperature level. The reactors in~ 
stalled ave about 16 feet in diameter and provide for a fixed bed of catalyst the depth 
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of which can be varied from 1.5 to about 6 feet. The butene feed is prcheated rapidly 
to the maxinnum temperature possible (about 1100°F.) without appreciable thermal 
cracking and is quickly und thoroughly mixed at the top of the reactor with steam pre- 
heated to 1300°R. or higher. Mixing is effected in jet mixers designed to minimize 
gas swirling in the catalyst bed. This is necessary to prevent excessive catalyst attri- 
tion at the quite high linear gas velocities involved. The butene-steam mixture flows 
downwards through the catalyst bed. Quenching to below 1000°F. is effected im- 
mediately below the catalyst bed by injecting water into the gas stream. Reactor 
feed lines are provided with the necessary valving to interrupt the butene feed stream 
periodically ancl allow regeneration of the catalyst with steam (and added air, if neces- 
sary). 

Effuent gases from the reactor are further cooled to effeet heat recovery and 
separation of diluent steam condensate. After compression, the gases are subjected 
to a sequence of oil absorption, stabilization, and stripping (fractionation) steps to 
separate a butadiene-butene mixture from both lower- and higher-boiling products. 
The relationship of these operating steps is shown, in simplified form, in Figure 1. 
The butadienc-butene mixiture flows to a butadiene concentration step (see below), 
which resolves the mixture into purified butadiene and a recycle butene feedstock. 

Representative operating data with the 1707 catalyst are given here for illustrative 
purposes, although it is realized that these have been modified somewhat for the more 
recently developed catalysts. With a fresh charge of 1707, a catalyst bed temperature 
of about 1100°F. is suitable during both the dehydrogenation and regeneration portions 
of the cycle. This temperature must be gradually raised to about 1250°F. with con- 
tinued use of the catalyst. Total pressure durmg dehydrogenation is approxnmately 
atmospheric but general practice is to increase the pressure somewhat (7-50 p.s.i.g.) 
during regeneration. With 1707, molal ratios of steam to butenes in the range 10/1 
to 20/1 have been employed. ‘The higher dilution levels give better selectivities to 
butadiene and lower rates of accummulation of carbou on the catalyst. Also, with 
1707, regeneration can be effected with steam alone, the operating schedule normally 
consisting of alternate one-hour periods on dehydrogenation and regeneration. Space 
velocities of 200-500 volumes (at approximately standard conditions) of gaseous 
butene (ot including steam) per volume of catalyst per hour were found to give satis- 
factory conversion levels with this catalyst. . 

The 105 catalyst stays relatively clean, when operated at high steam—butene ratios, 
requiring regeneration ouly about once a weck (25). Otherwise, it performs abort the 
same as the 1707 catalyst. 

Another catalyst (known as Dow Type B) showing higher selectivity to butadiene 
than cither of the above has been described (3,25). It is a calcium nickel phosphate 
(approximate formula CagNi(PO,)s), stabilized with 2% chromium oxide. It gives 
butadiene selectivities above 90 mole % at butene conversions ranging up to 35% 
(compare about 70% for 105 catalyst at about the same conversion level). Type B 
catalyst: requires frequent regeneration with air-steam mixtures, however, and rather 
high ratios (about 20/1) of steam to butenes are necessary during dehydrogenation. 
Regeneration and reaction times of 0.5-1.0 hour each are snitable. This catalyst 
is easily poisoned by a mumber of metals, and especially compounds of nickel and the 
alkali and alkaline earth oxides, but is insensitive to chlorides, ammonia, acetone, 
and compounds of iron and chromium. Another disadvantage of type B catalyst is. 
its tendency to produce large amounts of acetone (as much as 4% by weight on buta~ 
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diene) and also relatively large amounts of acetylenic compounds (about 0.15% by 
weight on butadiene), These products cause diffeultios in the butadiene purification 
step and must be removed from the feed to this step. 


DEHYDROGENATION OF a-BUTANE 

A general discussion of the important variables in n-butane dehydrogenation has 
been given by Watson et al. (31). A suitable catalyst must be sufficiently active to 
allow operation at relatively short contact times and low temperatures im order to 
minimize thermal cracking reactions. Like the butenes, »-butane produces carbou- 
aceous deposits on the catalyst during dehydrogenation. ‘These must be removed by 
burning with an oxygen-containing gas. Consequently, the catalyst must be suf- 
ficiently thermally stable to resist deactivation at the temperatures attaimed during this 
burning period. 

The dehydrogenation of n-butane to butenes is endothermic, the heat of reaction 
amounting to about 32.2 kg.-cal./inole of butane. Preferred catalysis for n-butane 
dehydrogenation are compositions containing alumina and chromia. These are very 
sensitive to steam, however. The rate of dehydrogenation of n-butane over catalysis 
of this type appears to be controlled by a surface reaction involving dual active centers 
(7). The thermodynamies of the reversible dehydrogenation reaction indicate that, 
at pressures close to atmospheric, temperatures above 1000°I. must be maintained 
to obtain commercially practical conversions. 

Two processes for producing butadiene from n-butane were placed in operation in 
the U.S. during World War I. One of these (developed by the Phillips Petrolenm 
Company) imcludes the following process steps (32): 

(1) Dehydrogenation of n-butane to 1-butene and exs- and trans-2-butene. 

(2) Separation of butenes from unconverted butane and other conversion 
products by a combination of fractionation and extractive distillation with aqueous 
furfural (see above). 7-Butane is recycled to (1). 

(3) Dehydrogenation of mixed butenes from (2) to butadiene. 

(4) Separation and purification of butadiene from (3) by extractive distillation 
with aqueous furfural, the unconverted butencs being recycled to (3). 

A highly simplified flow diagram showing the relationship of these steps is given 
in Figure 2. Pilot-plant work on the n-butane dehydrogenation step (13,14), usmmg an 
alumina-chromia catalyst in fixed beds in heated tubes, showed about 80% ultimate 
yield of butenes from -butane. Conversions of n-butane per pass were in the 30-40% 
range at pressures of 1-2 p.s.ig., inlet temperatures of about 1100°F"., and space veloci- 
ties around 700 volumes butane gas (standard conditions) per volume of catalyst per 
hour. Feed to the catalytic zone was carefully dried to prevent catalyst deactivation. 
The operating cycle included alternate one-hour periods on dehydrogenation and on 
regeneration with a flue gas — air mixture containing 2~8[% oxygen. Coke formation 
during the dehydrogenation period proved to he very sensitive to the nature of the al- 
loys used in the catalyst tubes. Nickel alloys gave large amounts of coke, but a 27% 
chromium steel proved to be satisfactory. Dehydrogenation of butenes (step (8)) 
was first carried out with a bauxite catalyst, which was later replaced with catalysts 
of the type described above under “Catalytic dehydrogenation of butenes.”’ 

The other process for making butadiene from n-butane (known as the Houdry 
process) underwent considerable evolution during World War II. Consideration was 
given to two types of operation as follows: 
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(1) A one-stage dehydrogenation process in which a n-butane feed, together 
with recycle butenes, is converted to both butenes and butadiene, which are removed 
from the hydrogen and cracked product. The unconverted butenes are recycled. 

(2) A two-stage dehydrogenation process, n-butane being partially converted to 
butenes in the first stage. After separating hydrogen and lighter hydrocarbons, the 
resulting butene-butane mixture is converted to butadiene in the second stage. 

Operation of the two-stage process was apparently most successful and has been. 
described in greater detail (21,28). Reactors were of fixed-bed design and possessed 
sufficiently great heat capacity so that the heat released during regeneration could be 
utilized to supply the endothermic heat of reaction during the subsequent dehydro- 
genation period. Dehydrogenation and regeneration periods were very short (10 
rainutes or less). Butadiene yiclds of about 70°% based on n-butane converted were 
obtained. Carbon formation was about 10% on feed converted, 


CHLORINATION OF BUTENES 
The reactions involved in this process are the following: 
CH;CH—CHCTI; -+ Ch ———> CII,CHCICHCICH, 


and (1) 
CH,==CIICH.CH; -+- Cl, ———> CH.CICHCICILCH; 
CH,CITCICHCICH, ; . 
and — CHy=CHCII-=-CHy + 2 HCl (2) 
CILCICHCICH.CH, 


One small, privately owned plant using this process was operated in the U.S. 
during World War II but this method of producing butadiene has not come into 
further commercial use. The reactions involved, and especially (2), have been rather 
extensively studied, however (29). 


PRODUCTION FROM ETHYL ALCOHOL 


Preduction of butadiene from ethyl alcohol is not competitive costwise with buta- 
diene from hydrocarbon conversion processes. FLowever, the alcohol conversion plants 
require less elaborate equipment and hence are cheaper to build. Consequently 
during World War II, when needs for butadiene were quite critical, production from 
alcohol was quite large. Also, during periods in the postwar years, when butadiene 
demands have exceeded the capacities of the hydrocarbon conversion plants, pro- 
duction from alcoho] has been resumed. The alcohol used has been derived largely 
from fermentation sources. 

Two different processing techniques have been considered for converting ethyl 
alcohol to butadiene. One of these is the so-called Lebedev process (4,27). This es- 
sentially employs ethyl alcohol, without preconversion, as feed to a converter contaim- 
ing metal oxides capable of simultaneously effecting dehydrogenation and dehydration 
reactions. Apparently, however, recycling of some of the nonbutadiene products can 
be carried out to increase butadiene yields. A number of catalytic materials have 
been studied, including Al,Q;-ZnO aud MgO-CoO mixtures. Yields of butadiene 
corresponding to about 60% of theoretical for the following reaction have been re- 
ported: 

2 CxH,QH ——> H,.C=sCHCH==CH -++ Hy + 2H,0 


A plant designed to use a modification of the Lebedev process was built in the U.S. 
but never came into significant commercial production. 
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The elements of the other alcohol conversion process originated with Ostro- 
misslenski. In an improved form, it has been used extensively in the U.S. This proc- 
ess employs as primary feed a mixture of acctaldehyde and ethyl alcohol, the former 
being produced hy dehydrogenation of the latter over copper-containing catalysts 
(6,17,18,23,30). Silica gel containing a small amount of tantalum oxide proved to bea 
very effective catalyst for converting the acetaldehyde — ethy! alcohol mixture. 

The products from both processes contain, besides butadiene, a wide variety of 
oxygenated compounds and other hydrocarbons. Crotonaldehyde, CH;CH-=CHCHO, 
a product of condensation and dehydration reactions of acetaldehyde, appears to be the 
key intermediate in the series of chemical reactions involved in both processes. This 
intermediate compound is converted to butadieue by hydrogen exchange with ethyl 
alcohol followed by dehydration, avetaldehyde being formed simultaneously: 


CTi;CH=--CHCHO -+ CH,;CH,OH —-—> CH,CIIO + CH,CH=CHCTT.0OH 
CFRCH=CHCH,OH ———~+ CH,-=CHCH==CH, + H20 


PRODUCTION FROM ACETALDEHYDE BY ALDOL CONDENSATION 
This process has been used extensively in urope (24) based largely on acetalde- 

hyde from acetylene hydration. One platut designed to utilize acetaldehyde derived 
from the oxidation of propane and butane was built in the U.S. but never came into 
commercial production. The process, starting from acetaldehyde, essentially im- 
volves three main steps im which the following reactions occur: 

basie 

catalyst 


2 CH,CHO ——~ CH,CHOHCILCHO 
300 atm.; 100-150°C. 


CH,CHOHCH.CHO + H, ———~=—-———>  CH,CHOHCH,CH,OH 
Cu-Cr20s catalyst 1,8-butanediol 
di ophosphate catalyst 
CH,CHOHCHL.CHOH =" a 21,0 + CH,-CHCH=-CH, 


The syuthesis of butadiene from acetylene and formaldehyde was developed by the 
Germans early durmg World War II and used extensively by them but has never been 
seriously considered for commercial operation in the U.8. See also Reppe chenusiry. 
The reaetions involved are as follows: 
2CHO -+ HCz2CH ——— HOCH.C=CCH,OH 
HOCH,C==CCH,OHW +- 2H, ———+ HOCH,CH2CH.CH.0H 
1 4-butanediol 
HOCIQCHACH,CH,OT ———> 0 + CH.—CH: —> CHh==CHCH==CH, + ERO 
bat, He 
NZ 


Q 
tetrahydrofuran 








The overall yield based ov acetylene consumed is about 70%. 

Good yields of butadiene can also be obtained by thermal treatment of the di- 
acetate ester of yet another glycol, 2,3-butanediol, which can be made by fermentation 
processes. This process has not been used commercially. 


PURIFICATION OF BUTADIENE 


All the hydrocarbon conversion processes yield products in which butadiene is 
mixed with other closely boiling hydrocarbons.. Ordinary fractionation alone is in- 
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capable of separating butadiene of the desired purity (ordinarily 98 wt. %) from these 
mixtures. "able II lists the hydrocarbons frequently found in crude butadiene frac- 
tions from such sourees. The relative amounts of these hydrocarbons present in 
crude butadiene vary considerably, depending upon the type of hydrocarbon conver- 
sion process employed. Monoolefins are always present in major amoutts. Non- 
conjugated diolefins and acetylenes are minor coustituents, bui generally increase with 
increasing temperature durmg hydrocarbon conversion. For the most part, however, 
they are highly objectionable contaminants in purified butadiene and henee ther 
concentrations in the latter must be carefully controlled. 


TABLE Hi. Compounds in Crude Butadiene from Hydrocarbon Processing, 





OCompound B.p., °C, 














Compound Bp. °C. 

Paraffins: Diolvtins: 

Propane.... 00 cece eee eee —42.1 Propadiene (allene)...... —S4.6 

Tsobutane.... 6.0... eee —11.72 1,3-Butadiene........... A Bb 

W-Butane..... 00.00.00 eee —0.55 1,2-Butadione.......000, 10.5 
Monoolefins: 1,4-Pentadiene.......... 26.12 

Propylene (propene)......- - fo. 476 Acetylenes: 

Isobutylene (methylpropene)..  —6.98 Methylacetylone.. 2.6... ~-23.2 

1-Buton@... 0... eee ees — 6,32 Vinylacetylene.......... 5.0 

trams-2-butene oo... 6. cee eee 0.86 Bthylacetylene.......... 8.6 

cis-2-butene oo... ec cae eee 3.64 Butadiyne (biacctylene). . 10.38 

3-Methyl-1-hutene............ 18.8 Dimethylucetylene....... 27.1 





A number of methods for concentrating butadiene have been considered and de- 
veloped to at least some extent for commercial use. These are listed below. 

Extractive Distillation with Selective Solvents. Aqueous furfural hus come into 
extensive use as a selective solvent for this purpose. The geueral features of this 
operation for purifying butenes, as well as butadiene, have alroady been discussed 
above under “Catalytic dehydrogenation of butenes.” 

Selective Absorption with Cuprous Salt Solutions. Cuprous salt solutions are 
used to purify butadiene from crude fractions derived from both thermal eracking 
and catalytic dehydrogenation processes (20). The solubility of u hydrocarbai in 
solutions of this type generally increases with degrce of unsaturation, butadiene being 
10-50 times more soluble than the closely boiling butenes. With this degree of selec- 
tivity, it has been possible to design concentration units operating under a wide variety 
of conditions. Essentially three processing steps are involved in this purification 
operation: (1) An absorption stage, in which butadiene, along with a portion of the 
monoolefins and other unsaturates, is dissolved in the solvent. (2) An enrichment 
stage, in which essentially all the dissolved hydrocarbons except butadiene are stripped 
from the solvent. This is generally effected by a combination of heating and stripping 
With enriched butadiene. (3) A desorption stage in which purified butadiene is 
stripped from the enriched solvent. 

By appropriate recycling of streams between these stages, high recoverics of 
butadiene are obtained, The solvent has a long life provided certain precautions are 
taken to avoid complete reduction of copper to the cuprous condition and to purge cer- 
tain compounds, such as acetylenes and acetylene polymers. 

Azeotropic Distillation with Ammonia (22), By adding ammonia to a distillation 
column, it is possible to distill butenes overhead from a bottoms containing butadiene 
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and other highly unsaturated compounds such as the acetylenes. ‘The latier can be 
removed by chemical treatment. The operation has been used in a small plant proe- 
essing crude butadiene from thermal cracking. 

Sulfone Formation. This purification methad is bused on the following reversible 
reaction with sulfur dioxide: 





CHa-=CHCH==CIh + SOz 





CILCH=CHCH,SO, 
Lec _! 





It is a convenient laboratory method for purifying a wumber of diolefins, including 


butadiene, yielding products of very high purity. It has not attained large-scale 
status, however. 


RELATIVE STATUS OF PROCESSES 
The relative status, from an economic viewpoint, of the various methods for pro- 
ducing butadiene depends upon a number of factors. Investment costs vary quite 
widely. Also, feedstock cost and availability, as well as the value of by-products, 
are important considerations, The original investments for the plants erected m the 
government-sponsored program are summarized below (12): 


Average investment, . 
dollurs/annual ton of estimeted ultimate 


Process purified butadiene capacity® 
Butene dehydrogenation... 0.0.0.0... e ee eee es 422 
Oil cracking... cece eevee eee eas 553 
Butane dehydrogenation 
Permanent (Phillips)... 0... cece cece ena eee 778 
“Quickie” (Houdry)..... 0.0... e cece cece cent een 455 
AlCohol. oe cnet ae eee eee nena 294 


* Vatimated in 194. 


Butane dehydrogenation, in spite of the higher investments required, is competitive 
with butene dehydrogenation, due to the relatively lower cost of butane as feedstock. 
Thermal cracking operations give a relatively low yield of butadiene on feed to cracking 
but have the advantage of deriving substantial credits from other products, such as 
monoolefins, benzene, and other diolefins. 
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RUBBER CHEMICALS 


For the purposes of this discussion rubber chemicals are defined as substances, prin- 
cipally organic, used in the compounding of rubber for the purposes of effecting vul- 
canization, regulating the rate of vulcanization, facilitating the fabrication of the 
product, and improving its quality and its stability in service. Inorganic accelerators 
and activators such as zinc oxide and litharge are omitted from this discussion. (See 
Lead compounds; Zine compounds.) Pigments such as reinforcing pigments or fillers, 
softeners, plasticizers and colors are also omitted since these materials are not gen- 
erally considered by the trade to be rubber chemicals. (See Pigments; Plasticizers.) 
The distinction between rubber chemicals and other compounding materials is not 
sharp and is somewhat arbitrary. In general, however, rubber chemicals are dis- 
tinguished by bhemg compounded in mibber in relatively small proportions. See 
also Rubber, natural; Rubber, synthetic; Rubber compounding and fabrication. 

The following discussion considers accelerators of vulcanization, antioxidants, and a 
group of miscellaneous materials including wares, blowing agents, activators, chemical 
plasticizers, reclaiming agents, vulcanizing agents, and retarders, 


Accelerators of Vulcanization 


Accelerators of vulcanization can be defined as substances which when added in 
small amount to the rubber mix, containing certain other accessory materials, greatly 
increase the rate of vulcanization. Their utility extends beyond their effect on the 
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rate of vulcanization in that marked improvements in quality also result from their 
use. The modern rubber industry would not have been possible without the dis- 
covery and development: of vulcanization accelerators. 

Prior to the advent of organic accelerators, basic inorganic compounds such as 
white lead, litharge, lime, and magnesia were used to speed the eure. These have now 
been almost entirely replaced by organic accelerators. The first of these was aniline, 
introduced at the Diamond Rubber Company in Akron by George Oenslager in 1906. 
Aniline was superior to the metal oxides not only in accelerating vulcanization but 
also in improving the properties of the finished product. As aniline proved ta he too 
toxic for general use, various derivatives were investigated, and thiocarbanilide, the 
reaction product of aniline and carbon disulfide, was adopted and used. extensively 
for a period of over twenty years. Another aniline derivative, N,N-dimethyl-p- 
phenylenediamine, followed. As accelerator research continued, the aldehyde-amines 
and the guanidines were found to give still better results, and both types found wide 
application. Bedford and Sebrell (2) in the U.S. and Romani and Bruni (25) in 
Italy independently reported at about the same time that 2-mercaptobenzothiazole 
was a very active accelerator. With the advent of the thiazole accelerators, the 
popularity of other classes has gradually declined. The thiazoles, with certain re- 
finements in the compounds originally used, have thus survived for more than twenty 
years. The thiuram sulfide class was developed at about the same time as the thi- 
azoles. ‘Research in the field of accelerators is still bemg actively pursued. 

Theory of Accelerator Action. Much of the work in the literature concerning 
theories of vulcanization and of accelerator action has been summarizecl (16,28); 
the study of both of these processes is still under active investigation. In the absence 
of an accelerator, the combination of sulfur with natural rubber (c7s-polyisoprene) 
molecules is slow. The accelerator is sometimes believed to be catalytic in its action 
and to function by converting elementary sulfur into a more active form which is 
thought to act as the vulcanizing agent. In another concept, thermal decomposition 
of the accelerator furnishes radical fragmeuts which remove hydrogen atoms from the 
isoprene molecules to initiate chain reactions between sulfur and rubber. According 
to some theories, sulfur in an active form adds to the rmmbber at the double bonds or by 
removing alpha methylenic hydrogen atoms during vuleanization, resulting in sulfide 
and disulfide bridges or cross links. Craig and others (11) in a recent concept postu- 
late that sulfur radicals copolymerize with the double bonds im the rubber molecule 
by a redox mechanism in which hydrogen sulfide is the reductant and sulfur or sul- 
fur reaction products are the oxidants. Accelerators are partly or completely con- 
sumed during vulcanization and may function during both initiation and termina- 
tion steps. 

Chemical Classification and Reactions. Accelerators can be divided into four 
principal chemical groups (7): mercaptothiazoles and derivatives, dithiocarbamates 
and his(thiocarbamoyl) sulfides (commonly known as thiuram. sulfides), guanidines, 
and aldehyde~amine reaction products. A fifth unclassified group comprises a few 
other classes of only minor importance such as xanthates, thioureas, and mercapto- 
thiazolines. There are more than a thousand U.S. patents covering the use of com- 
pounds as accelerators and methods for their preparation. A number of the most 
important commercial accelerators representative of these groups are described in 
Table 1; many others are marketed (9,26). 
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MERCAPTOTHIAZOLES AND DERIVATIVES 

The group comprising the mercaptothiazoles and derivatives is by far the most 
important and accounts for over 70% of accelerator production. 2-Mercaptobenzo- 
thiazole is the principal member of this group and can cither be used by itself or con- 
verted to derivatives having certain advantages for special purposes. 

2-Mercaptobenzothiazole. The hydrogen of the thiol (mercapto) radical in 2- 
mereaptobenzothiazole is easily replaceable by chemical groups, and this reactivity has 
been utilized to prepare a large number of derivatives and reaction products (17,22). 
While representative compounds of a number of derivative classes have been manu- 


factured at various times, only a comparatively few are marketed at present (see 
Table II). 


TABLE II. Derivatives of 2-Mercaptobenzothiazole. 





Trade names 











and trade- 
. inarked Physical 
Chemical name nuunes Tormula M.p., °C. form Reference 
1,3-Bis(2-benzothia-  EL-Sixty (8.C.H.N:C.SCH.NH}.CO 220 min. Buff (49) 
zolylthiomethyl)- aeeanementied powder 
urea 
2-(2,4-Dinitrophenyl- Ureka S.CeHN:C.SCeII3(NO_). 140 min. Yellow (47) 
thio)benzothiazole Base A powder 
Zine salt of 2-mer- Zenite; (8.CeH,,.N:C.8)oZa dec. Yellow 
captulbenzothiazole 0-X-A-F -——~——+ powder 
2-Benzothiazoly] Ithylaa 5.CsHi.N :C.SCSEN (CaHs), 69 min. Yellow (35,40) 
N,N-diethylthio- L 4 powder 
carbamoy] sulfide 
N,N-Oxydiethylene-2- NOBS 8.CsHy.N:C.8N.C21T,.0.C:Hy Tan 
benzothiazole- No. 1 at nnd powder 
sulfenamide (2- 
morpholinothio- 
benzothiazole) 
2,2%Dithiobisbenzo- = Altax; (8.G,EN:C).83 170-175 _— 
thiazole MBTS; ‘~—-—— 
Thiofide 
N-Cyclohexyl-2- Santoeure S.CgHy.N:C.SNHC.Hiy 94 min. —_ (8,54, 55) 
benzothiazole- L.———_ 
sulfenamide 








2-Mereaptobenzothiazole is readily soluble in aqueous sodium hydroxide and the 
sodium salt thus formed can react with organic compounds containing active halogen 
as, for example, acyl chlorides, alkyl and aryl chlorides, and sulfenyl chlorides (RSC). 
In addition, heavy-metal salts such as those of zine and lead can be precipitated by 
adding a, water-soluble salt of the appropriate metal; with strongly basic alkylamines, 
amine salts are formed. Reaction of 2-mereaptobenzothiazole with formaldehyde 
gives the hydroxymethyl derivative, whose ultraviolet absorption shows that this 
group is attached to the nitrogen of the thiazole ring rather than to the sulfur of the 
thiol group. This compound can be condensed with certain amines to form amino- 
methyl derivatives. Sulfenamides of the general formulas RSNHR’ and RSNR’/R’ 
can be prepared from primary and secondary alkylamines by oxidative elimination of 
hydrogen between the amine and 2-mercaptobenzothiazole. While mauy amines 
form sulfenamides in this reaction, most of the products are unstable on storage; 
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in practice cyclohexylamine and morpholine are used. In Germany, a sulfenamide 
prepared from diethylamine (N,N-dicthyl-2-benzothiazolesulfenamide, having the 
trade name Vuleacit AZ), and another prepared from piperidine (V’,N-pentamethylene- 
2-benzothiazolesulfenamide or 2-piperidinothiobengothiazole, having the trade name 
Vuleacit BZ) have found commercial use, particularly the former. A number of 
oxidizing agents can be used. to form the disulfide, 2,2/-dithiobishenzothiazole, from 
2snercaptobenzothiazole, 

Mercaptoalkylthiazoles. Mercaptoalkylthiazoles have found some application as 
accelerators, especially the accelerator formerly sold under the trade name of Erie, 
which is a mixture of the disulfides of 4,5-dimethyl-2-mereaptothiazole and 4-ethyl-2- 
merecaptothiazole. Methods for synthesizing mercaptoalkylthiazoles have recently 
been reviewed (33) and many derivatives have been described (20,32). 


DITHIOCARBAMATES AND BIS(THIOCARBAMOYL) SULFIDES 

The dithiocarbamates, and the bis(thiocarbamoy)]) sulfides which are derived from 
them, rank second in importance among the accelerator groups. 

Dithiocarbamates. Although dithiocarhamates can be prepared from aryl- 
amines, only those derived from secondary alkylamines have attained importance as 
accelerators. Dialkyldithiocarbamic acids are wistable and for this reason their 
sodium salts are usually employed in the preparation of derivatives. Many reaction 
products of the types previously described for 2-mercaptobenzothiazole can likewise be 
synthesized from sodium dialkyldithiocarbamates. These derivatives include metal 
salts, reaction products with organic compounds containing active halogen, hydroxy- 
methyl derivatives obtained by reaction with formaldehyde, and reaction products 
of the latter compounds with primary and secondary amines; amine salts and. sul- 
fenamides can also be prepared. With the exception of salts, few derivatives of these 
types have enjoyed commercial application either on account of their instability or be- 
eause of the meager advantage resulting from their use. 

The commercial examples (about 20) (9,26) include zine, lead, copper, bismuth, 
tellurium (45), and selenium (36) salts of dithiocarbamates derived from piperidine 
and dimethyl-, diethyl-, di-n-butyl-, and dibenzylamines. Zine dimethyldithiocar- 
bamate (Methyl Zimate; Sharples 57; Methasan; Methazate) and zine di-n-hutyldi- 
thiocarbamate (Butyl Zimate; Sharples 77; Butasan; Butazate) are important ac- 
celerators. One compound of an ester type, 2,4-dinitrophenyl dinethyldithiocar- 
bamate (Safex) (89), and several amine salts are marketed. 

Bis(thiocarbamoyl) Sulfides. Of the bis(thiocarhamoy!) sulfides, which are 
known more commonly as thiuram sulfides in rubber technology, the disulfides are the 
most important, although monosulfides are also used (see Table I). The disulfide 
used in the largest volume is bis(dimethylthiocarbamoyl) disulfide. Other commercial 
disulfides include the important bis(diethylthiocarbamoyl) disulfide (Ethyl Thiurad; 
Ethyl Tuex; Thiuram E; Ethyl Tuads; Sharples 62), and bis(di-n-butylthiocar- 
bamoyl) disulfide (Pentex). There is one commercial tetrasulfide, bis(pentametliyl- 
enethiocarbamoyl) tetrasulfide (Tetrone A), prepared by treating the sodium di- 
thiocarbamate with sulfur monochloride, 8:Clo. 


GUANIDINES 


Guanidines rank third in importance and include only a few commercial products: 
1,3-diphenylguanidine (DPG) (see Table I) and 1,3-di-o-tolylguanidine (DOTG), 
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together with the 1,3-di-c-tolylguanidine salt of dipyrocatechol borate (Permalux), 
which is an active neoprene accelerator, 


ALDENYDE-AMINE REACTION PRODUCTS 

Most of the commercial aldehyde-amine reaction products, of which there are 
ten examples (9,26), are prepared by treating aniline, p-tohiidine, or n-butylamine with 
formaldehyde, acetaldchyde, butyraldehyde, heptaldehyde (enanthaldehyde), or 2- 
ethyl-2-hexenal, usually in the presence of a weak organic acid as catalyst. ‘These 
products are mostly liquid mixtures of compounds some of which are of complex 
structure (81), One reaction that often oceurs is that between the carbonyl oxygen 
of the aldehyde and the easily detachable hydrogen atoms of the amine to give au imine 
commonly referred to as a Schiff base (¢.2.): 


RCHO + R/NH, ———> RCH: NR’ + H0 


These compouuds are reactive aud can polymerize, react with more aldehyde or, in 
some cases, rearrange. 

The reaction product of aniline and heptaldehyde (Hepteen Base) is one of the 
most active accelerators in this group. In other examples formaldehyde, ammonia, 
and ethyl chloride react to form a cyclic trimer, triethyltrimethylenetriamine (Tri- 
mene Base); hexamethylenetetramine (q.v.), a crystalline compound, is formed by 
reaction of formaldehyde and ammonia. 

Tn addition to their use as accelerators, certain aldehyde-amines, as for example 
the reaction product of aniline and butyraldehyde, are employed as antioxidants (see 
Table IIT). In preparing an accelerator, butyraldehyde is used in large molar excess 
over aniline with a small amount of orgauic acid as catalyst (12), whereas a nonac- 
celerating antioxidant is obtained by using the reactants in equal molecular propor- 
tions with a larger ratio of the same catalyst (43), 


UNCLASSIFIED GROUP 
This group comprises only a few accelerators of limited use: thiocarbanilide (A-L), 
9-thiazoline-2-thiol (2-MT) (50,53), zine n-butylxanthate (Z-B-X) and dithiobis- 
(thionoformic acid) di-n-buty! ester (dibutylxanthogen) (C-P-B}, 


MANUFACTURE (ACCELERATORS) 

The descriptions of the following methods of preparation are based on informa- 
tion available in the literature (including patents). However, as a result of continued 
accelerator and antioxidant research and development, many of the early basic 
manufacturing methods have been improved upon, some of these improvements con- 
sisting of process refinements, conthwous processes, or even new syntheses, with the 
primary objectives of quality improvement and cost reduction. Such changes are 
often not patentable and constitute trade secrets which manufacturers are not willing 
to divulge. 

Further, since both accelerators and antioxidants (except in the case of liquids, 
resins, or waxy materials) must be in a finely divided condition to disperse uniformly 
in a rubber mix, grinding and screening are necessary additions to the manufacturing 
processes described. 

2-Mercaptobenzothiazole. Although there are a number of patents covering 
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preparation methods, this compound is made commercially (88) by the reaction 
represented by the followi ing equation: 


CygHN Ae -b C&: - 8 





+ S.CoFL.NGCBH 4: 18 (1) 
The method consists of charging the reuctants into an autoclave and heating the reac- 
tion mixture to a temperature of about 250°C, ‘The pressure due to the hydrogen 
sulfide evolved ig maintained at about 450 p.s.i. Yields of crude product are in the 
range of 90%, and purifiewtion is effected by dissolving in sodium hydroxide and acidi- 
tying to precipitate the product. 

2,2’-Dithiobishenzothiazole is prepared by oxidation of 2-mercaptobenzothiazole: 


2 S.CoH,.N:C.SH + [0] ———> (S.CeHa.N:C)oS: + TO (2) 
| LW 


While the use of several oxidizing agents has been claimed and patented, most of 
them have the disadvantage of high cost or difficulty in processing; for large-scale 
operation either nitrous acid or chlorine is used. The preparation from nitrous acid 
(44,48) is effected by adding sodium nitrite to an aqueous slurry of 2-mercaptobenzo- 
thiazole, followed by the slow addition of an acid such as sulfuric acid. Higher tem- 
peratures of operation (48) are said to have the advantage of decreasing the amount of 
foaming caused by the evolution of nitrogen oxides from the reaction. 

N-Cyclohexyl-2-henzothiazolesulfenamide is prepared by the oxidative elimina- 
tion of hydrogen between 2-mercaptobenzothiazole and cyclohexylamine: 


§,Ccl.N:CSH + Coly NM, + [0] 
en | 





>8,CeH,N:C.SNUCsHiy -+ 10 (3) 
a | 


An excess of amine favors the reaction of 2-mercaptobenzothiazole with the amine by 
mass action rather than the reaction with itself to form 2,2’-dithiobisbenzothiazole. 
In one method, an aqueous mixture of 2-mercaptobenzothiazole, cyclohexylamine, 
and sodium hydroxide is prepared (8,55). Chlorine, with a large dilution of air, is 
passed into this mixture at about 25°C. The process lends itself to a semicontinuous 
procedure and yields of 96-98% are claimed. An alternative method, which is per- 
formed in the absence of sodium hydroxide, employs a solution of sodium hypochlorite 
which is added to an aqueous mixture of 2-mercaptobenzothiazole and cyclohexyl- 
amine (54). 

Zinc Diethyldithiocarbamate, Bis(dimethylthiocarbamoyl) Mono- and Disulfides. 
Carbon disulfide is slowly added at a temperature of 20-30°C. to a mixture of sodium 
hydroxide, diethylamine, and water (14); to the solution of sodium dicthyldithio- 
carbamate thus formed, aqueous zinc chloride is added to precipitate the insoluble 
zine diethyldithiocarbamate in yields of 95-100%: 


{(CaHeNH + CS, + NaOH ———— (C,Hs5),NCSSNa + ILO (4) 


In preparing bis(dimethylthiocarbamoyl) disulfide, a solution of sodium dimethyldi- 
thiocarbamate is oxidized under mild conditions (4). When hydrogen peroxide is 
used, sulfuric acid and hydrogen peroxide are added. simultaneously to the dithiocar- 
bamate sohition at 15-25°C.; the his(dimethylthiocarbamoyl) disulfide precipitated 
is recovered by filtration (eq. 5). An alternative method, which is similarly carried 
out, consists of adding sulfuric acid and sodium nitrite simultaneously to the dithio- 
carbamate solution. Bis(dimethylthiocarbamoyl) sulfide is prepared (5) by adding 
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sodium cyanide (0 an aqueous suspension of the disulfide to effect the removal of one 

sulfur atom (eq. 6). 
2 (CMs)eNCSSNa + HQ + HeSQ; —--—> [(CHasNCS)S: + NeSO, + 2 HO (5) 
[(CH;2NCShS: + NaCN ——> [(CH::NCS)S -+ NaSCN (6) 


Methods described in the specific examples are of general application to the prep- 
aration of other dithiocarbamates and bis(thiocarbamoyl) sulfides mentioned under 
“Chemical classification.” 

Amine salts of dithiocarbamic acids can be readily prepared by reaction of carbon 
disulfide and a dialkylamine in a 1:2 molecular proportion in an inert solvent, such as 
n-hexane, in which the product is insoluble: 


2ReNH + CS, ——> R.NCSSILHNR, (7) 


In commercial examples Re = pentamethylene or two ethyl groups. 
1,3-Diphenylguanidine. A mixture of aniline and water, heated at about 100°C., 
is agitated in a closed vessel while cyanogen chloride is passed in (either above the 
liquid surface or directly into the liquid). The reaction mixture is further heated at 
reflux temperature for several hours to complete the conversion of phenyleyanamide to 

diphenylguanidine hydrochloride: 

LIsNE, + CNC] ——-—> CNNHG,H, + HCl (8) 
CNNHG; -+ C;Hs;NH, ———> (CcHNH).C:NH (9) 


Texcess aniline, if present, is romoved by steam distillation. The water solution of 
diphenylguanidine hydrochloride is neutralized by adding sodium hydroxide, and the 
insoluble 1,3-diphenylguanidine is recovered (in high yield) by filtration, 

The same general procedure, using o-toluidine instead of aniline, is applicable to 
the manufacture of 1,3-di-o-tolylguanidine. 

Butyraldehyde—Aniline Condensation Preduct. The most active component of 
this condensation product was recently shown to be 1-pheny]-3,5-diethyl-2-n-propyl- 
1,4-dihydropyridine (12). The preparation consists in the reaction of a large excess of 
butyraldehyde with aniline in the presence of a weak organic acid catalyst such as 
acetic or butyric avid (12,41), The aqueous reaction mixture is heated at reflux tem- 
perature and after the water layer is separated, the crude product is purified by steam 
or vacuum. distillation, which removes excess butyraldehyde, aniline, and by-product 
2-ethyl-2-hexenal. 


ECONOMIC ASPECTS (ACCELERATORS) 
Production statistics (60) (sec also Table I) for accelerators by chemical groups 
are as follows: 


1942 
Production, Th. 


Mereaptothiazoles and derivatives 50,511,000 
Dithiocarbamates and bis(thiocarbamoy]) sulfides 5, 244,000 
Guanidines 5,627,000 
All other § , 242,000 

Total 66 , 624,000 


Accelerators are supplied to the trade in fiber drums of various sizes, or in steel 
drums in the case of liquids, 
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SPHCIFICATIONS (ACCELERATORS) 

Specifications have been established by manufacturers and are usually confirmed 
by means of a few simple tests such as melting point, fineness, color, odor, solubility, 
ash, heating loss, viscosity, and specific gravity. Detailed directions for performing 
these tests are available from the manufacturer. The critical evaluation of quality is 
often determined in a rubber vulcanizate by comparing its performance in physical 
tests with that of a standard accelerator such as can be proenred from the Bureau of 
Standards. Direct chemical analysis is not ordinarily resorted to, but the purity of 2- 
mercaptobenzothiazole, a weak acid, can be readily determined by dissolving a 
sample in ethyl alcohol and titrating with standard sodium hydroxide to the phenol- 
phthalein end point. 

In many cases accelerators may be identified by melting-point techniques, Spot, 
color, and other identification tests (24,27) have beeu developed for many individual 
accelerators of all of the various chemicul groups. ‘These tests are applicable to the 
original material or to solvent extracts of rmbber mixes or vileanizates. Quantitative 
determination of a number of accelerators in rabber vulcanizates may be carried out by 
chromatographic analysis (3). 

An inyportant requirement is that the accelerator be easily dispersible in the rubber, 
Materials which cannot be reduced to a fine powder or which tend to cake in storage 
are objectionable. The acrelerator need not be soluble in the nibber at the mixing 
temperature, although some are, and this aids in insuring uniform mixing. LExceecd- 
ingly fine and fluify materials also may cause trouble by being blown into the air, thus 
eausing a loss of some of the material and causing irritation or toxic effects to the 
operators. Some commercial materials are treated with a hydrocarbon oil to elimi- 
nate this objection and others arc pelleted in the form of rods or spheres which are 
easily broken up under mixing conditions. 

An obvious requirement is that the accelerator should he stable im storage. It 
should also be stable to high-temperature processing operations, hoth during and after 
mixing, It should preferably be free from staining, that is, if used in a light-eolored 
stock the color should not, be affected nor should other materials in contact with the 
vulcanizate be discolored. Neither the accelerator nor its reaction products should 
bloom from the vulcanizate. An ideal accelerator would be odorless, tasteless, non- 
toxic, and nonirrilating in contact with the skin. 


ACCELERATING ACTIVITY AND SCORCHING 

The accelerating activity of a material is generally desiguated by the speed with 
which vulcanization can be accomplished. A very fast accelerator is referred to as an 
‘ultra’ accelerator while one less fast is referred to as a ‘‘semi-ultva” accelerator. 
Various attempts have been made to classify accelerators on the basis of the time and 
temperature required to produce a satisfactory cure, butan entircly satisfactory classi- 
fication has not yet been produced because of the difficulties of determining equivalent 
concentrations, accounting for the effects of auxiliary materials, and accurately 
measuring vulganization rates at various temperatures. It is a common misappre- 
hension among many investigators to suppose that certuin accelerators have a “criti- 
cal” temperature below which they are inactive and a temperature at which they 
display the most desirable behavior. There is no good evidence of the existence of 
such 4 critical temperature with any known accelerator or combination of accelerators 
or other auxiliary materials such as retarders. The activity of an accelerator at dif- 
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ferent temperatures at a particular concentration and in a particular rubber along 
with the usual auxiliary materials such as fatty acid and metal oxide may be repre- 
sented as an essentially straight line on an Arrhenius plot of log time (to reach a 
particular state of cure) versus the reciprocal of the absolute temperature. Such plots 
show no discontinuities indicating a “critical” temperature and the straight lines 
representing different accelerators have essentially the same slope. 

In practice, the general procedure is to select that accelerator which will give the 
fastest possible cure consistent with the processing requirements of the product, and 
with due regard to the effect which the material has on the quality of the vulcanizate 
as well as to the economies involved. 

The requirements imposed by the processing steps are primarily concerned with 
the problem of avoicing “scorch.” Scorching is the term used for incipient vuleaniza- 
tion which may occur during any of the processing steps preceding the final vulcaniza- 
tiou or during storage between processing steps, An unscorched material, properly 
compounded, can be extruded from a die or sheeted from a calender smoothly and 
without lumps, but when scorched, the material becomes lumpy and wavy and must 
then be scrapped, The length of tine to which a vulcanizable mixture may be exposed 
at any specified temperature before scorching occurs is referred to as the scorch time, 
and those materials or conbinations which impart a long scorch time are said to have 
good delayed action. As with the cure time or cure rate, a plot of the log of the scorch 
time versus the reciprocal of the absolute temperature gives a straight line with es- 
sentially the sume slope as for the cure rate. 

A convenient means of meastring the degree of delayed action is to determine the 
viscosity of the mixture in a Mooney plastometer (see Rubber compounding), with the 
latter maintained at the desired test temperature, and noting the change in viscosity 
with time of heating. In Figure 1 are shown two curves obtained on mixtures con- 
taining accelerators exhibiting poor and excellent delayed action. 

Generally the higher the dosage of accelerator the faster the cure rate and the short- 
er the scorch time, but the change produced by increasing increments of the accelerator 
becomes smaller. and smaller. There are, however, several exceptions, notably bis- 
(dimethylthiocarbamoyl) sulfide, which exhibit a maximum in the curve relating 
scorch lime to concentration, Up to a point, the effect of increasing accelerator con- 
centration on the physical properties of the vulcanizates is to produce stiffer, snappier 
vulcanizates with higher tensile strength. In selecting the concentration to be used 
in a specific product the effect of the other materials in the mix must be considered. 
With acidic type pigments, such as the channel blacks, a higher accelerator concentra- 
tion must be used to obtain the same cure rate as would be obtained in the absence of 
the black. With basic pigments on the other hand, such as furnace blacks, a lower 
accelerator concentration may be employed. 

Generally higher accelerator ratios are required to produce the same rate of cure 
in GR-S or the nitrile rubbers as in natural rubber. However, no general rule can be 
laid down since the relative activities of different accelerators in natural rubber and 
the butadiene copolymers are in many cases quite different. 

Aceclerators used for the sulfur vulcanization of GR-I are generally of the “ultra” 
type because of the slow curing rate resulting from the low unsaturation of this rub- 
ber, The bisGhiocarbamoyl) sulfides and the dithiocarbamates are the most fre- 
quently used materials, sometimes with a thiazole as a socondary accelerator, 
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Fig. 1. Delayed action of accelerators. (Composition: natural 
rubber, 100; zine oxide, 5; sulfur, 2.5; stearic acid, 1.5; accelerator, 
0.5. Tested at 280°F.) 


The following is a brief résumé of the activities of the more important accelerators, 
2-Mercaptobenzothiazole imparts excellent properties to rubber vulcanizates (for 
example, good resistance to deterioration), and for many years held a foremost posi- 
tion in accelerator consumption, 2,2'~Dithiobisbenzothiazole was introduced to fill 
the need for delayed action and has gradually replaced 2-mercaptobeusothiazole in 
many applications, particularly in tire manufacture. A. sulfenamide derivative of 
2-mercaptobenzothiazole, N-cyclohexyl-2-benzothiazolesulfenamide, producing even 
greater delayed action than 2,2'-dithiobishbenzothiazole, was put on the market ata 
later date; the use of this compound has increased rapidly since about 19438. The 
dithiocarbamates, and the much more widely used bis(thiocarbamoyl) sulfides, while 
a valuable accelerator group, are not adapted to the general application which the 
thiazoles enjoy. They are used most extensively as secondary or activating accelera~ 
tors for the thiazoles, and in applications where rapid vulcanization is desirable, 
The guanidines play only a minor role in the accelerator picture since the thiazoles are 

more active and impart better physical properties to the vulcanizale. Their prin- 
cipal use is as activating accelerators for the thiazoles. The aldchyde-amines are 
used to a limited extent, chiefly as thiazole activators, and for some specialized uses in 
natural rubber. 


ACCELERATORS USED FOR OTHER PURPOSES 


Certain accelerators have found commercial application for a variety of purposes, 
some of which are described in the following tabulation: 
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Acenlerator Use 
2-Mercaptobenzothiazole Vungicide; in extreme-pressure lubricants; in corrosion 
inhibitors. 
Bis(dimethylthiocarbamoyl) disulfide Fungicide; anti-alcoholie drug (Antabuse). 
Zine dimethyldithiocarbamate Fungicide; in animal-repellent compositions. 
Hexamethylenetetramine (q.0.) In medicine and veterinary medicine (methenamine, 


hexamine, Urotropin); accelerator for plastics. 


Antioxidants 


Antioxidants used in rubber are materials which retard the deterioration of 
natural rubber, either raw or vulcanized, which is due to oxidation. Many of the 
materials used for this purpose are also effective in stabilizing the synthetic rubbers 
(principally the butadiene polymers) at the time of preparation, and when thus used 
they are termed stabilizers. Other terms have been suggested and used, including age 
resistors and antioxygens. However, common usage has fairly well established the 
two terms antioxidants and. stabilizers as defined above. 

The offects produced by oxygen on unvulcanized rubber were noted by the 
pioncers Hancock, Goodyeur, and MacIntosh even before the discovery of vuleaniza- 
tion, although the changes observed were not attributed to oxygen. Murphy, in 1870, 
affirmed that the deterioration of rubber was due to oxidation and suggested the use of 
phenol or cresol to retard the effect. The occurrence of materials in natural rubber 
which retard oxidation was recognized at an early date. These materials are quite 
effective in preserving the raw, unvulcanized rubber against deterioration but are not 
nearly so effective in preserving vulcanized rubber. 

With the introduction of organic accelerators early in the 20th century, it was ob- 
served that the use of those materials improved the aging properties of the compositions 
in which they were used. With this observation the search for materials which 
would be specific in retarding deterioration without appreciably affecting the curing 
rate was begun. Somewhat later, during World War I, the problem of stabilizing 
synthetic rubbers arose when the Germans manufactured a polymer of dimethylbu- 
tadienc, which they found required a stabilizer to prevent oxidation. Flowever, in- 
terest in syuthetic rubbers languished for many years, and it was nob until the 1930’s 
that this interest was revived and slong with it the problem of stabilization. 

Commercial use of antioxidants on a relatively large scale started in the late 1920’s, 
aldol-{-naphthylamine (AgeRite Resin) and acetaldehyde~aniline (VGB) being 
among the first. These substances are nearly free of accelerator action and their in- 
troduction was epoch making in rubber compounding. At the present time the annual 
consumption of all these materials for use in natural and synthetic rubbers is ap- 
proximately 48 million pounds. 

Mechanism of Antioxidant Action. The extensive literature on antioxidants was 
sunmmarized, us of 1937, in references (15,29); a brief but more recent review of current 
theories, with a number of pertinent references, is also available (19). Changes in the 
physical propertics of rubber during deterioration are thought to be the result of a 
number of reactions, chiefly cross linking and scission. Scission, with accompanying 
decrease in molecular weight, tends to cause softening while cross linking ts associated 
with hardening. Oxygen attacks vuleanized rubber, and the belief is quite widely 
accepted that antioxidants exert their protective action by retarding the rate at which 
oxygen combines with the rubber. Peroxides (or hydroperoxides), formed as a result 


RUBBER CHEMICALS 


882 


“BUIMIUISUON APOAIYV[AI OIG SSB]D STG} JO S{VLIAZEUE I] JO [LV , 








09° 0-0¢°0 sdtuny uaso1g gt 
62°0-c.L°0 Japaod umoig — 
22°Q-€¢'0 Japaod aojet 691-181 
ee 0-1g 0 pmby uso1gg = — 
92°0-29°0 Jepaod snourser ‘umoig 98-09 
69° 0-190 Use1 poy OOT-08 
1@°T-08'T Japsod uey, SOL 
28° T-08'T Japsod uy, OT 
£9 1-09'T Jepuod uel, OFT 
TS G-0E' 0 — PRAY Mojjas ‘snoasr, — 
8° 1-€9°T Japmod su O&T—-081 
OF I-16°0 = (JoU0TZ) apsod moyax “uN gg 
8° S-BS'S Jepnog OSI-STI 
Be O-T?'0 sduany Axvas qrecy — 
68 O-¢4°0 PINDY Mol — 
BE O-1S'O tepsod Jo user poxayag NS1-COT 
“aV/s w1I0} PooIsAT "Do 
ecg] ‘ute “ay 


gaud Suyjeg 











"CHNY AR YH 2) euoz0ax Jo JuaniYsU0D aUIUIBIp-F ‘g-auan[oy, 
(ateyjatmpsAueydip 
"HOCH FAN) xouoy, -oureIp-d'd) oulruerpauapAqyeyy-, dd 
SOUTLY DEVWOIY Aleuug 
"HOCH NH HD) UCTY eIHIqeys oururelpaual-fy3ap4[OI~-O-1]~, AAT 
"HOH NOH?) aTTTEeyg suTUBI pau sya; Auaydid-, N“N 
soumue te yy. 
— xOpUy epAgepyelAyng—aurypuny 
— aD-A epAyoplejooe —apwopyoorpay euyrEy 
— usay ayesy suture Ay yden-]—~jopry 
S}ONpOL uolovay sulary Alvug—epAqepry . 
7(H0)* 9° (#H3,)) YY Ieacjueg anoumboip.Aqy <ure-2.19)-1q-¢°Z 
*HOY HR? ¥CH'D) QO Weaoqueg auoumboipséqysyng-229)-1¢q-¢ 'z, 
(joueyd 
SHO WOCHOYHO] S[B}SAIO oyTPMOp LEG “1Agngq-1497-9-[Aqyowl-g) sIqoryE FF 
jotayd payeuarsysi1y pue -1cT T ueydyg tg AeysdurAy yonpoid uoyover pousqd—ausrsyg 
(joueyd[Aqngq 
*HOTHO'HD CHO!) OFSS JUEpIKONTY “Hap g [AqQous-F) SEqaUa[ATOTY-/ ZS 
((osero~d-,Aqngq-72a7 
HOUPOCH OHO xeuaoc{ ‘Jouoy “Ip) jouaydy-tynq-2297-1p-9e-AqyeW FT 
(1aqye ;AzusqouoUL 
"HOODOO eqry oITyety auoumbosp.{y) [ousydéxo[Azuagq-d 
oS[oueq 
Joursjod pur sayournboip<qip 
@ TAqjounay-$'g Z-[Auayg-9 q Xepoyueg auojoe — [Aueydiqourury-d 
aaursjod pur autjoumborpAqip 
~2'T-Aqouiy-¢ ‘9 ‘g-<xouyq-9 ANY xepoqueg au0}a0v —auIpRaueyg-d 
yeur{jod puy euzoumb 
-oipAyip-ZT-Aqpu LPs H [0}ayq iq usey oyryeiy au0}o9v-OUI ay 





souTmupsry AIswig JO sponporg uolyovey auojay 





TO sodtMao 10 wyNUTIO Ty Saued payseul-epTs} S}UBOVAI IO BUIEU [BATMIEYS) 
pus satmtu epsly, 


‘Sodky ourEATeIg UeYY, YI srezPIQeIG puY sjuEPMKoHuy [eieuUIOD “TTT WIAV.L 


RUBBER CHEMICALS 882 


of oxygen absorption, are probably responsible for the oxidative degradation of rmbher. 
The deleterious effect of the peroxide may be associated with its breakdown to free 
radicals which initiate the chain reaction, The antioxidant might function by reacting 
with radicals formed by decomposition of the peroxide or by actually breaking down 
the peroxide by another mechanism not involving free radicals. The action of the 
antioxidant is presumed to he the destruction of the chain carrier to give an inactive 
product. The most effective antioxidants (phenolic and amine compounds) are types 
which permit easy removal of their hydrogen atoms, and they may function by acting 
as hydrogen donors. See also Antiozidants. 

Chemical Classification. Commercial antioxidants can be divided into three 
principal groups: darylamines, ketone reaction products of arylamines, and phenols 
(29). Diarylamines and their ketone (usually acetone) reaction products are the most 
important groups and have held a dominant sales position for many years (see Diaryl- 
anvines). Particular mention should be made of the outstanding members of these 
groups: N-phenyl-2-naphthylamine (AgeRite Powder and Neozone D), alkylated 
diphenylamme (AgeRite Stalite), aud an acetone-diphenylamine reaction product 
(B-L-I2). In addition to the three principal groups, a fourth or miscellaneous group 
comprises a few other classes of less commercial importance such as aldehyde reaction 
produets of arylamines, secondary alkarylamines, primary arylamines, phosphites, 
dithiocarhamates, and benzimidazoles. Ouly single examples of the last two classes 
are used: nickel di-n-butyldithiocarhamate (N.B.C.) and 2-benzimidazolcthiol (46) 
(Antioxidant MB), the latter being used principally in Germany. Phosphites, as 
for example, triphenyl phosphite (EFIED) (57), have found some application as GR-8 
stabilizers. Conmmercial antioxidants and stabilizers other than diarylamines (9,26) 
are described in Table ITI. Well over a thousand U.S. patents have been granted in 
the field of aitioxidaits covering methods of preparation and applications. 

Tn contrast to vulcanization accelerators, which are in general definite chemical 
compounds, a nuniber of antioxidants are reaction products comprising a mixture of 
{wo or more conpounds. The individual components of such mixtures may not have 
equal antioxidant properties, but their separation is not commercially practicable. 
The composition of some reaction products is uot divulged by the mamifacturer; 
instanees are known in which the trade name has been retained while the composition 
has been changed. 


KETONE-AMINE CONDENSATION PRODUCTS 


Commercial products are prepared by reaction of acetone with aniline, p-pheneti- 
dine, or 4-aminobiphenyl, and compounds of this type have been identified as tri- 
methyldihydrocquinolines (21,23). Many analogous compounds have been reported 
(30), and the conchisions reached as a result of this study are to the effect that the best 
antioxidants are derived from aviline or from an aniline with alkyl, alkoxy, or aryl 
groups in the meta or para position. Compounds synthesized from ortho-substituted 
anilines, which are probably analogs of the acetone~anil type rather than dihydro- 
quinolines, have poor antioxidant properties. Distillation of commercial products 
under reduced pressure shows that they contain varying amounts of a distillable mono- 
meric compound and a polymeric residue. A sinaller amount of polymeric material is 
obtained when meta- or para-substituted anilines are employed in the reaction. 
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PITENOLS 

A few substituted phenols have been marketed for many years but wnitil reeently 
have found only limited use. While these compounds are relatively nonstatning as 
compared with most amine antioxidants, they do not afford the protection against 
aging, especially as regards flex cracking, in which diarylumines excel. Before the 
advent of synthetic rubbers, the application of nonstaining antioxidants was in the 
rather small-tonnage white and light-colored rubber goods, With the present large- 
scale usage of GR-S, a greater demand has been created for nonstaining antioxidants 
for incorporation as stabilizers duriug manufacture, such stabilized rubber being suit- 
able for universal use. Research on substituted phenols, to mect this need, has re- 
sulted in the development of a number of new materials, some of which are claimed to 
have improved antioxidant properties. ‘These developments include alkylated (18,34) 
and styrenated phenols, alkylated hydroquinones (58), allcylated phenol sulfides (56), 
and a formaldehyde reaction product of an allcylated phenol (59). See alsa Vol. 10, p. 
318. 

MANUFACTURE (ANTIOXIDANTS) 

Acetone-Amine Condensation Products. Acctone is passed into aniline, or a 
substituted aniline, at a temperature in the range of 100-110°C. using an acidic 
catalyst such as hydrochloric acid (80) (eq. 10, where R. = hydrogen, ethoxy, or phenyl). 
A relatively large excess of acetone is employed anc the water of condensation is re- 
moved from the reaction zone hy entrainment with acctone. The crude product is 
washed with dilute sodtum hydroxide to remove the catalyst. ‘The unreacted amine is 
distilled, and the residue consisting of mouomerie and polymeric materials is the usual 
product of commerce. 


a 
NIT, . 
R + 2 (CHy)2.COQ ———> | 


Ch 

Phenols. To prepare alkylated phenols, a phenol and an unsaturated hydro- 
carbon are allowed to react in the presence of a suitable catalyst. 7-Cresol is generally 
used in practice, and, in a typical example, this compound is dissolved in an inert 
hydrocarbon solvent, and methylpropene (isobutylene) is passed into this solution at 
a temperature in the range of 50-100°C. Catalysts include boron trifluoride, zinc 
chloride, phosphoric acid, and sulfuric acid; the one usually employed igs sulfuric 
acid, in the proportion of about 5% by weight (on the p-cresol). The crude product, 
after removal of the catalyst (as by washing with dilute sodium hydroxide), is distilled 
to give 4-methyl-2,6-di-tert-butylphenol (52): 


N 
“\o(CUs . 
4210 (10) 


CHCsMLOH + 2 (CHC: CH, ——+ CHi((CHy)sCoCsILOH (11) 


Phenol sulfides are prepared by treating certain allcylated phenols with sulfur 
mono- or dichloride. In the preparation of 4,4’-thiobis(8-methyl-6-tert-butylphenol), 
3-methyl-6-tert-butylphenol is dissolved ini an incrt solvent (such as carbon tetra- 
chloride), and a solution of sulfur dichloride is added slowly at room temperature 


(eq. 12). Upon cooling the reaction mixture, the product, melting at 157-158°C., 
is precipitated (56). 
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> [CH3((CH3)sC)CsH:OH )2S -- 2 TEC] (12) 


Certain alkylated phenols react with aldehydes and ketones to give 2,2’-alkylene- 
bis(alkylated phenols). The commercial example, 2,2’-methylenebis(4-methyl-6- 
tert-butylphenol) is prepared by treating 44methyl-6-ferl-butylphenol with formalde- 
hyde. The reaction is performed in an inert hydrocarbon diluent at a temperature 
of 40-60°C. using a catalyst such as hydrochloric acid (59): 

CHa((CH3)sC)CeH,OHW + CH;30 ———> [CIIk((CHa)sC)C;EL,OH CH. + H.0 (13) 


2,5-Di-ler!-butylhydroquinone van be prepared by reaction of hydroquinone with 
a molar excess of tert-butyl alcohol using zine chloride as catalyst (58). 

Aldehyde~Amine Reaction Products. The condensation product of acetaldehyde 
and aniline is prepared by adding acetaldeliyde slowly to aqucous aniline hydro- 
chloride at room temperature (37). The product of somewhat. indefinite structure, 
said to be a mixture of acetaldehyde — aniline hydrochloride condensates, is precipi- 
tated as a fe, amorphous material by partial neutralization of the acid. The con- 
densation product of aldol and I-naphthylamine can be prepared by heating these 
compounds in the presence of an acid catalyst and removing the water formed during 
the reaction by distillation. 

Alkarylamines, of which there are few examples, arc prepared by treating aniline 
or a substituted aniline with a symmetrical dichloroalkane. N,N’~Di-o-tolylethylene- 
diamine is prepared from o-toluidine and 1,2-dichloroethane at a temperature of about 
150°C, (42): 


2 CHaCaHiNHe + CIC,HyC] —-—> CH,C (HyNHC,H,N HC,H,CHs (14) 


ECONOMIC ASPECTS (ANTIOXIDANTS) 

Antioxidant production statistics for 1952 (60) are available for the following 
groups: cyclic amino or hydroxy compounds, 27,078,000 Ib., unit value 56¢/Ib.; all 
other compounds, 25,941,000 lb., unit value 51¢/lb. The total production was 
48,019,000 lb. 

Antioxidants, like accelerators, are packaged in fiber drums of various sizes, or 
in metal drums, usually steel, in the case of liquids. 

Stabilizers for GR-8 produced in government-owned plants are purchased by the 
Rubber Reserve Corporation, and account for about 35% of antioxidant sales (1951). 
O! these stabilizers, N-phenyl-2-naphthylamine (AgeRite Powder, Neozone D) is 
bought in the largest amount. 


SPECIFICATIONS (ANTIOXIDANTS) 


Specifications for antioxidants have been established by the manufacturers and 
consist of certain physical and chemical tests to which the product should conform. 
These tests are usually of a rather simple nature and may include determinations such 
as melting point, setting point, softering point, viscosity, specific gravity, heating 
loss, solubility in solvents, fineness, color, and odor. Direct analysis is seldom re- 
sorted to on account of the complex nature of many of the materials. The efficiency 
of the antioxidant is often determined by comparing its performance in a rubber vul- 
canizate (by means of physical tests) with a standard sample known to impart satis- 
factory antioxidant properties. 

Certain amine and phenolic antioxidants can be identified by melting or boiling 
point after suitable purification, as by recrystallization, distillation, or chromato- 
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graphic procedures (3). Instrumental methods such as ultraviolet (1) and infrared 
spectrophotometry are sometimes uscful but published work is limited to diarylainines. 
As examples of these methods, trimethyldibydroquinolines can be identified by ultra- 
violet or infrared absorption and phenol-styrene reaction products by infrared absorp- 
tion. 

Color reactions may be employed for many anvine antioxidants in their identifica- 
tion and in detecting their presence in solvent extracts of rubber vuleanizates. 
These antioxidants inchide acetone-amine and acetone-acetaldehyde condensation 
products, and alkarylamines (6). 

It is advantageous in compounding to have antioxidants and stabilizers available 
which have little or no effect on the curing rate. For this reason considcrable emphasis 
is placed on this characteristic, although several of the commercial amine antioxidants 
do have an appreciable activating effect. 

The antioxidant should be readily dispersible in dry rubher and should be available 
in a form which permits reacly dispersion. It, should either be soluble in the rubber to 
an unlimited extent or its solubility should equal or exceed the concentration giving the 
maximum antioxidant activity. Many of the commercial antioxidants have only 
limited solubility in the rubber, and in most cases it is considered undesirable to use 
them in concentrations sufficiently high to cause blooming. 

Unfortunately many of the ‘most effective antioxidants are poor from the sland- 
point of discoloration of light-colored vulcanizates, particularly when they are exposed 
in service to sunlight. Most of these same materials when used m1 rubber will stain 
materials such as paper, leather, lacquer, or other hght-colored rubber which may be in 
contact with it. Thus much emphasis has heeu placed in recent years on noustaining 
and nondiscoloring antioxidants, and a number of good materials are now available 
which are almost completely noustaining aud nondiscoloring. An antioxidant should 
preferably be nontoxic and free from odor. 


ESTIMATION OF THE EFFECTIVENESS OF ANTIOXIDANTS AND STABILIZERS 

The effectiveness of an antioxidant is usually determined by incorporating in- 
creasing proportions of the material in a natural rubber base compound containing no 
added antioxidant. Vulcanizates from these mixtures are then subjected to one or 
more of a variety of tests. The tests usually include accelerated aging tests in air 
or in oxygen at elevated temperatures, to determine the rates of deterioration in physi- 
cal properties, and flexing tests to determme whether or not the material under test 
retards this type of deterioration (13). Oxygen absorption tests are also commonly 
performed to determine the ‘effect of the antioxidant or its concentration on the rate 
at, which oxygen is absorbed at some specified temperature, Also certain special tests 
aré sometimes conducted fer specifie purposes, such as to determine how effective the 
material might be in preventing the deterioration caused hy the presence of soluble 
salts of copper, cobalt, or manganese. 

In studyig antioxidant activity in natural rubber it is not usual to determine 
their effectiveness in preventing the deterioration of the raw rubber except in special 
cases such as for example, that of extracted guayule, in which a stabilizer is definitely 
required, 

For synthetic rubbers, however, the greatest emphasis is on the stability of the 
raw polymer. In this case, the experimental material is added as an enuulsion or sts- 
pension in water to the latex prior to its coagulation in amounts necessary to give the 
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desired concentrations. The dry rubber aftcr coagulation is then tested for its ability 
to withstand heating without an adverse change in the properties of the polymer. 
Possible objectionable changes to guard against, include au increase iu viscosity, 
excessive gelation, and discoloration. Oxygen absorption tests are also commonly 
run on the raw polymer. Less emphasis is placed on the physical properties of the 
vulcanizate either before or after accelerated aging tests since the available evidence 
indicates that if adequate stability of the raw polymer is attained good stability of the 
vulcanizate ts ensured. 

The proportions of antioxidants used vary from 0.5 part per 100 of rubber or even 
less for those materials of lnnited solubility in the rubber to 4 or 5 parts for those of 
unlimited solubility. The normal current dosage for GR-S types is 1.25 parts of the 
most widely used materials. 


Miscellaneous Rubber Chemicals 


A umber of materials other than those described in the previous sections can he 
considered rubber chemicals. 

Waxes. A number of petroloum waxes are used in rubber to aid in preventing 
cracking due to the attack of ozone on stretched rubber. The waxes function only 
when a portion of the wax present in the stock blooms to the surface giving a continuous 
layer of wax. The wax film is said not to be impermeable to ozone, and the mecha- 
nism by which it provides protection isunknown. This deviceis effective only forstatic 
exposure and is completely ineffective in dynamic exposures. Also the wax film is 
easily damaged, and unless it is regenerated from the reservoir of wax in the body of 
the product cracking will quickly occur. Both paraffin wax and microcrystalline waxes 
areused. See Petroleum waxes. 

The microcrystalline waxes are generally more effective in protecting against 
ozone cracking than the nomnal paraffin waxes. However, certain waxes made by 
undisclosed processes and said not to be microcrystalline waxes are even more effective 
in preventing cracking. 

Some brand names of waxes used in rubber compounding are: Esso 124/126 
AMP White Crude Scale Wax, Esso Fully Refined Waxes, Heliozonc, Mekon Miero- 
Crystalline Wax, Sunproof, Superla Wax, 8.V. Product 2248, Syncera Wax, Burgess 
Antisun Wax, Sunolite, and Sharples Wax. Most of these waxes sell in the price 
range of 18-25 cents per pound, 

Blowing Agents. Tor making cellular products either of an open-cell or closed- 
cell structure, a, gas is utilized which may be either generated within the stock during 
vulcanization or dissolved in the stock by exposing it to the gas at elevated pressures. 

The classic blowing agent is sodium bicarbonate with or without added fatty 
acid, although ammonium bicarbonate, which decomposes more rapidly, has also been 
used quite widely. In making products with these agents, it is necessary to adjust 
the viscosity of the mix to enable the released gas to expand against the restrictive 
force of the stock. This will produce the desired texture, In addition, the rate of cure 
of the mix must be adjusted so that it will be neither too fast nor too slow compared 
with the rate of gas releasc. With these blowing agents the product is generaily run 
through a wringer to break the cell walls, thus producing an inter-communicating cell 
structure. Generally the ordinary sodium bicarbonate of convmerce is used for this 
purpose. However, a special modification has been developed consisting of a disper- 
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sion of fine-particle sodium bicarbonate in light nuineral oil which has the advantages 
of more rapid decomposilion aud greater efficiency. 

A number of agents are in use which release nitrogen during decomposition. 
These materials may be used alone or in combination with sodium bicarbonate and 
may be used to produce either open- or closed-cell structures. Among these materials 
are the following: 


Selling price, 
Chemical name ‘Formula Trade name $/ib. 
1,8-Diphenyltriazene (diazo- CyHsN: NN HCsHs Unicel 0.82 
aminobenzene) 
Dinitrosopentamethylenc- H.C-—-N—CH, Unicel ND (40% 1.40 


tetramine i | active agent) 
ON--N an --NO ; 
Fi,C--N-—CH, 
4j4’-Oxybis(benzenesulfonyl (NELNHSO,C5Ha)20 Celogen — 
hydrazide) 


Other agents which are or have been used include sodium carbonate, anmuouium car- 
bonate, and a mixture of biuret and urea. 

A process utilizing cither carbon dioxide or nitrogen, as gas, cousists in saturating 
the stock with the gas at high pressures followed by a reduction m pressure at the ap- 
propriate stage of cure with cousequent sponging. 

Organic Activators. A variety of organie materials are marketed as activators 
of cure. Some of these materials are not accelerators when used alone, but in con- 
junction with a primary accelerator they increase the rate of vuleanization over that 
which is obtained with only the primary accelerator. The general argument for the 
use of an activator is that a fast cure rate may be attamed more economically by using 
a combination of accelerator and activator than by using a higher concentration of the 
accelerator. 

The sulfur~accelerator- metal oxide vulcanizing system is seusitive to pH. 
A low pH has a retarding effect and a high pH an activating effect. For this reason 
most activators are materials which raise the pH of the system. 

A number of alkylamincs, such as 2-aminoethanol (@nonoethanolamine), di- 
and triethanolamines, di-n-butylamine, dibenzylamine, and tetramethylenepentamine, 
find limited application as activators. In addition, the following compounds represent 
some other types which are in commercial use: 


Selling price, 
Composition Trade name sib. 
Di-n-butylammoniuin oleate Barak 0.60 
1,3-Diphenylguanidine phthalate Delac P, Guantal 0.45-0.55 
Zine salts of fatty acids, largely zine laurate Laurex 0.29 
Mixture of acetates MODX-B 0.29 


Chemical Plasticizers. Chemical plasticizers are substances which accelerate 
the reduction in viscosity of a rubber during mastication. They are used principally 
with natural rubber, which in the crude state is too viscous for direct use without a 
presoftening step. However, they are also used to a limited extent with the GR-S 
rubbers, although these rubbers are generally less viscous in the crude state than is 
natural rubber. 
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Natural rubber softens rapidly during mastication at low temperatures and less 
rapidly as the temperature is raised to about 240°. Above this temperature the rate 
increases again with a rise in temperature. It is now thought that two differeut proc- 
esses, both involving oxygen, oceur in these two regions. At low temperatures co- 
valent carbon-to-carbon bonds are broken as the result of the high shearing stresses 
imposed on the material, thus forming radicals which may either recombine or react 
with oxygen. As the temperature is increased up to 240°F., the shearing stresses that 
‘an be imposed are decreased as a result of a decrease in the viscosity of the rubber 
with a corresponding decrease in the rate of breaking of covalent carbon-to-varbon 
bonds. Above 240°F., thermal antooxidation at the double bonds occurs with an 
increased rate as the temperature increases. 

The chemical plasticizers appear to function only in the higher temperature region, 
but the mechanism of their action is not understood. However, most of the agents 
used are mercaptuns or sulfur compounds capable of forming mercaptans, and it may 
be postulated that in the presence of oxygen these materials (or radicals from them) 
attack the double bonds, leaving terminal R—S groups on the ends of the broken chaius. 

General requirements are that they should not affect the rate of vulcanization of 
the final mix and should preferably be odorless, free from staining, and nontoxic. 
Some examples of chemical plasticizers are given below: 


Selling price, 
Composition Trade name __B/Ib 
Bis(o-benzamidophenyl) disulfide Pepton 22 0.72 
2-Naphthalencthiol RPA No, 2 0.75 
Mixed xylenethiols (86% active agent with RPA No. 3 0.49 
inert hyclrocarhons) ‘ . 
Zine salt of xylenethiols (50% active agent RPA No. 5 0.57 


with inert hydrocarbons) 


Reclaiming Agents. Many of the matcrials used in reclaiming operations are 
commonly designated reclaiming agents. These include the defibering agents such as 
sodium hydroxide or zine chloride, the swelling agents such as oils and plasticizers, aid 
a number of chemicals developed specifically for hasteuing the reclaiming processes. 
The last-mentioned materials are distinguished from the first two in that lower con- 
centrations are used and their effectiveness is much greater. For these reasous they 
should be classed as rubber chemicals. 

Some of the chemical plasticizers discussed above are also used as reclaiming agents 
although materials of considerably greater effectiveness are available. The fact that 
chemical plasticizers for accelerating the breakdown of raw rubbers may also serve as 
reclaiming agents indicates that the mechanisms involved in the two processes may he 
similar. 

The first of these materials to be used was thiocresol (toluenethiol), CHC gH.SH, as 
disclosed by Garvey (51). Since then a number of materials of indefinite origin and 
composition have been made available; these are generally products made by reacting 
mixtures of phenols and sulfur chloride, The activity of certain isolated alkyl phenol 
sulfides has been described (10), Commercially available materials include the follow- 
ing: RR-10, Agent K, Xylex 780, and BWH No. 1. 

Vuleanizing Agenis, Sulfur, the almost universal vulcanizing agent for rubbers, 
is generally used in the elemental form as the ground sulfur of commerce. A so-called 
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insoluble sulfur containing about 90% of sulfur in a form insoluble in carbon disulfide 
is uscd to a limited extent where bloom of the sulfur from the unvuleanized stock is 
objectionable. During vulcanization the insoluble form is converted to ordinary 
sulfur and vulcanization proceeds nomuully. 

Organic sulfur compounds capable of liberating sulfur at vulcanizing temperatures 
are also used to effect vulcanization. The principal members of this group are bis(di- 
methylthiocarbamoyl) disulfide and its homologs, the corresponding tetrasulfide, 
dipentamethylene tetrasulfide, Thiokol VA-3 (a polymer formed by the reaction of an 
allcylone dihalide and sodium polysulfide, having partofits sulfur available for vuleaniza- 
tion), alkyl phenol sulfides (reaction products of allcyl phenols with sulfur chloride) 
(Vultacs), and 4,4’-dithiocdimorpholine (Sulfasan). 

The elements selenium and tellurium, as well as sulfur monochloride, are also 
used to a limited extent as vulcanizing agents. 

Nonsulfur vulcanizing agents for a variety of rubbers include:  trinitrobensene, 
benzvyl peroxide, zine peroxide, p-quinone dioxime (G-M-I'), p-quinone dioxime 
dibenzoate (dibenzo G-M-F), chloranil, sodium metasilicate, litharge, and zine oxide. 
Benzoyl peroxide is used commercially as a curing agent for the silicones and Silastic 
rubbers, p-quinone dioxime dihenzoate for GR-[ (butyl rubber), and the zine peroxide 
for certain of the Thiokols. Sodium metasilicate and litharge are used as vuleaniaing 
agents for polyethyl acrylate rubber, while for the copolymer of ethyl acrylate and 
chloroethyl virryl ether an amine such as Trimene Base (the reaction product of formal- 
dehyde, ammonia, and ethyl chloride) isused. Sec also Rubber compounding. 

The primary requirement for a vulcanizing agent is that it shall effect vuleaniza- 
tion after exposure at suitable temperatures. The most tinportant changes produced 
by vulcanization are-a suppression of plasticity, an increase in clasticity, and an in- 
crease in strength. A vuleanizing agent should either be soluble in the rubber in which 
it is to be used or should be available in a finely divided form so that tt can be readily 
and uniformly dispersed in the rubber. It should preferably be nontoxic and non- 
staining. 

Retarders. An ideal retarder would be a substance which delays the starting 
of cure (thereby preventing scorching) and which does not affect the subsequent 
course of vulcanization. It is frequently stated that retarders or a particular re- 
tarder will suppress the onset of vulcanization at processing temperatures but will not 
retard or may in fact activate the cure at vulcanizing temperatures. The evidence 
that this is the case is scanty and unconvincing. It is more reasonable to postulate 
that whatever the effects produced, they will be apparent at whatever the tempera- 
ture of test both in the range at which processing is done and in the range at which 
vulcanization is accomplished, The evidence also indicates that the so-called activa- 
tion of the cure at elevated temperatures is simply an enhancement of the state of cure 
entirely unrelated to any effect on the vulcanization rate. 

The retarder to be used depends mainly on the type of accelerator being used, 
and its activity in a particular case is difficult to predict. Generally the type of re- 
tarder and its concentration needs to be adapted to the particular problem by a cut- 
and-try procedure. The most popular commercial retarders for normal sulfur cures 
include salicylic acid (Retarder W), benzoic acid (Retardex), phthalic anhydride 
(ESEN), N-nitrosodiphenylamine (Vultrol, Delac J), and trichloromelamine. 

Lead and cadmium salts are said to be retarders of systems employing the bis(thio- 
carbamoyl) sulfides as accelerators, although in this case it is not clear whether they 
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are really retarders or partial inhibitors which function by inactivating a portion of the 
accelerator. For neoprene cures sodium acetate and 2,2’-dithiobisbenzothiazole 
are effective retarders, 

To be truly effective a retarder should increase the time required for the onset of 
vulcanization (at any temperature) but should not retard the subsequent rate of 
vulcanization. A material which retards both processes produces the same effect as a 
reduction in the accelerator dosage and is thus sheer waste. A retarder should be 
capable of easy dispersion in the rubber and inust therefore either be soluble in the rub- 
ber or supplied in a finely divided form. It should preferably be nonstaining, non- 
toxic, odorless, and stable in storage. 
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With a few exceptions, raw rubber im the dry state has few commercial applica- 
tious, For the great majority of uses the rubber must be modified, usually by the 
addition of a set of vulcanizing agents and other materials, followed by vulcanization. 
The exceptions include such uses as crepe rubber soles for shoes, cements as in the famil- 
iar rubber adhesives, and adhesive and masking tape. The following discussion is 
concerned with the compounding of rubbers and their subsequent processing to pro- 
duce useful products. See also Resins from rubber; Rubber, natural; Rubber syn- 
thetic; Rubber chemicals. 


In order to avoid the repetition of long chemical names which are referred to frequently in the 
following discussion the abbreviations listed below are used. The abbreviations used in the rubber 
industry to designate the various grades of cavbon blacks are also shown and are used in the discussion. 
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Also, for convenience a brief statement of the composition of Nhe principal synthetie rubbers Es ing 
eluded, 


Avee cher alors sand Ant. ionic 5 





1,3-Diphenylguunidine. 2.0.0 ccc eee nee eet eeee DPG 
2-Mercaptobenzothiazole.. 0.0... cect eee tena eeees MBT 
2,2'-Dithiohbis(benzothiazole) 0.00. ce ecu e eee ee vat anes MBTS 
Bis(dimethylthiocarbamoyl) disulfide.... 0.0.00... 0.0 00000 ccc cece eee eeea . LMTD 
N-Cyclohexyl-2-bengothiazolesulfenamide.....0...000.0.2.0..00.00.22..-..-. CHBS 
Zine dimethyldithiocarbamate. 0.000.000 00 cc cc cece eee snes ZnoDMDC 
N-Phenyl-2-naphthylamine... 0.000000 ce ce nee cece eee anes PBNA 
Car bon Blacks 
Conducting channel black... 0.0.00 00. cc eee eee ees eee cc 
Hard-processing channel black... 000.000 00 cee eee teen eee HPC 
Medinm-processing chaunel black... 0000 00 eee eee MPC 
Tiasy-processing channel bladk. 0.000000 cece eee e eevee ee ell GPC 
Sligh-abrasion furnace black. 0.000 ccc ee eee rete neers HAF 
fondueting furnace black. 0.000 ec cnn cnt eeeee beans Cr 
Fine furnace black. ...2 000000 cc cence nee e eens FF 
Medium-abrusion furnace black... 0.000000 0c ee eee eee MAR 
High-modutus furnace black... 000000000 ee eee etter ees HMF 
Semireinforeing furnace black.....00.,.0. 0000 cee ce eee tenes SskF 
Fine thermal black... 00.00 ccc eee eee eee vee ns be tenn enn rT 
Medium thermal black... 0... cece tee eevee MT 


Synthetic Rubbers. 


GR-S-1000. An emulsion copolymer of butadiene and styrene. The proportions of the 
monomers charged to the polymerizer vary from time to time, depending on their supply positions. 
The usnal limits are 71-77 parts of butadiene and 29-23 parts of styrene. The combined styrene in 
the final polymer is leas than that charged and varies with the charging ratio from 23.5 to 20%, The 
polymerization is conducted at 50°C, with sodium tallow soap as the emulsifier. This rubber and its 
variations are general-purpose rubbers. 

GN-S-1002. Similar to GR-S-1000 except that a rusin soap is used as the emulsifier. 

Cold GR-S. Copolymer of butadiene and styrene prepared at a low temperature, usually 5°C. 
The standard rubber of this type is designated as GR-8-1500. 

Nitrile rubbers. Emulsion copolymers of butadiene and acrylonitrile with the proportions 
varying from 56 butacdienc-45 acrylonitrile to 72 hutadicne -18 acrylonitrile, These are usecl pri- 
marily for their resistance to swelling in oils and solvents, 

CR-I (Butyl). A vopolymer of isobutylene 97-98% and isoprene 2-3% prepared at low tem- 
peratures, 2pprox. —-100°C., using a Friedel-Crafts catalyst. The principal use of this rubber is for 
inner tubes, 

Neoprenes. Types GN, GN-A, KNR, W, CG, AC, and 8 are emulsion polymers of 2-chloro- 
1,3-butadienc. Types FR, GRT, WRT, and Q are copolymers of 2-chloro-1,3-butadiene with other 
monomers. These rubbers are used primarily for oil, solvent, and ozone resistance. 

Thiokols, These are rubbery polymers prepared by treating sodium polysulfide with dihalogen- 
ated materials. Thiokol FA uses bis(2-chloroethyl) ether, Thiokol ST uses propylene dichloride 
and bis(2-chloroethyl) formal. Used for oi] and solvent resistance. 

Polyacrylate rubbers. year 4021 is a copolymer of ethy! acrylate (about 95%) and chloro- 
ethyl] vinyl ether (about 5%). Resistant to oils und to exposure to clevated temperatures, 

Silicone rubbers. These are siloxane polymers composed of a central chain of alternating silicon 
and oxygen atoms with alley] groups attached to the silicon atoms. They are of interest: because of 
their extremely wide temperature range of usefulness. 


Compounding 


The problem of compounding involves the determination of what materials to 
combine and in what proportions and what treatment the material shall undergo in the 
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processes of mixing, forming, and vulcanization so that a product of the required 
quality will be produced ceonomically. The steps of mixing, forming, and vulcanizing 
are the essential fabrication steps. 


BASIC RECIPES 


The terms “pure gum” or “gum” are tsed for compositions of rubber containing 
primarily those materials essential for vulcanization (without fillers, reinforcing agents, 
or softeners) in addition to the rubber. The simplest of these would be: 


(All recipes are expressed in parts by weight.) 


Wheu heated for about 4 hours at 287°F., such a mixture will exhibit a tensile strength 
of approximately 3000 p.s.i. and an ultimate elongation of 900-1000%. Compositions 
such as this have been used for many years and are still used for produets such as golf 
ball thread rubber. By the addition of metallic oxides, principally zinc oxide, mag- 
nesium oxide, lime, and litharge, the vulcanization rate is increased with a slight 
improvement in tensile strength and reduction in breaking elongation. 

When it is desired to produce mixtures with lower sulfur ratios and shorter euring 
times, organic accelerators combined with metal oxides are used. The lowered sulfur 
ratio is desirable because (J) it permits the production of nonblooming compounds, 
that is, the excess, uncombined sulfur left following the vulcanization is insiflicient to 
cause crystallization (bloom) to occur at the surface of the article, (2) lower sulfur 
ratios confer belter aging properties, and (8) better physical properties in general 
are obtained. 

A typical composition might be as follows: 


Rubber (natural)... 0. cee eee ees 100 
Sulfur... eee eee e enue 3 
VAN COS 9 (0: a 5 
Aceclerator (on aldehyde-amine)...........,. . 0.3 


‘This mixture when vulcanized for various intervals at 280°. exhibited the follow- 
ing properties: 


Time of Modulus at Tenaile 
vuleanization, min. 500%, pai, strength, p.g.i. Blong., % 
10 190 2860 915 - 
20 420 4270 805 
30 500 4570 705 
40 520 4400 775 
60 400 4530 835 
90 350 2820 855 


Most organic accelerators require the presence of fatty acids for their most: effi- 
cient functioning. In the above instance the fatty acids naturally occurring in the nat- 
ural rubber are sufficient for this purpose, As an illustration of the essential part 
played by the fatty avids, the above composition was made up in the same way except 
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that the rubber was extracted with acetone to remove the fatty acids. This mixture on 
vulcanization gave the following properties: 








Time of | Modulua at Tonsile 
vulennization, min, 500%, p.s.i, strength, p.s.i. Elong., "% 
30 100 950 925 
45 110 1220 940 


The thiazoles, which are now the most widely used class of accelerators, require 
more fatty acid for their maximum effectiveness than is normally present in crude 
natural rubber. In the following comparison, the role of fatty acid is illustrated by 
comparing stocks based on acetone-extracted crude rubber, which is essentially free 
of fatty acids, normal crude containing the naturally occurring fatty acids, and nor- 
mal crude with two parts of additional fatty acid as stearic acid. The pale crepeis a 
evade of natural rubber: 

















Lixtracted pale crepe.. .100 Pale erepe........ 100 ’ Pale crepe........ 100 
Zine oxide....... en 5 Loe eee e een eenes 5 
Sulfur... eee eee eee Bee eeeeceeee 5 rr 3 
MBP... cee ee OG Li eee eee 00 6 0.6 
Stearic acid... cece es ran 20 

Cure time Modulus Tensile Modulus Tensile Molulus Tensile 

at 280°F,, at 600%, strength, Elong,, at 600%, strength, Tlong., at 600%, atrength, Tlong., 
min, psi. p.8., % Pai. DL % psi. p.s.i, % 
40 310 O15 695 3885 1660 840 600 2870 790 





80 385 AT5 640 35 1940 B85 760 3040 $10 





Because the proportion of naturally occurring fatty acids varies from one grade of 
rubber to another it is the usual practice to add additional fatty acid to the composi- 
tion when accelerators of the thiazole class are used. 

The other essential ingredient in this base recipe is the metallic oxide. While the 
oxides of calcium, magnesium, and lead can be and oceasionally are used, zine oxide is 
by far the most used material. The effect of varying the zine oxide concentration 
in the particular composition discussed above is illustrated in Figure 1. Jn this case 
a concentration of three parts per hundred of rubber provides the maximum effect. 

The role of zinc oxide is apparently not tbe same for all vulcanizing systems based 
on sulfur, and the data shown in Figure 1 will apply in general only to thiazole-acceler- 
ated systems and are strictly applicable only to the composition used. Some acceler- 
ators, for example, function quite well in the absence of a metal oxide. Among these 
are the guanidines and aldehycle-amines. 

Tt is well known that natural rubber vulcanizates deteriorate during aging and the 
advantageous effect of a reduction in the sulfur ratio in this respect: was mentioned 
above. In addition to this, the use of certain organic accelerators greatly improves 
the aging properties of the vulcanizates in which they are used. In the following table 
a comparison is made of the aging properties of two compositions which were identical 
except that A was accelerated with MBT, a “good aging” accelerator, while B was 
accelerated with an aldehyde-amine type accelerator, a “poor aging” accelerator. 
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Cure time 


Composition A 


Composition A 



































at 280°F,, Modulus at Teusile Elong., Modulus at Tensile Blong., 
min. 400%, psd. strength, pad % 400%, pai. strength, psi. % 
~ ~ ° Original propertics Original preperties 
40 875 3150 607 L225 3850 633 
80 575 2350 107 117h 3700 G20 
After aging 24 lin. at After aging 24 hr. at 
1o0°C. in test tubes 100°C. in test tubes 
40 00 2175 613 675 1100 A473 
80 550 3550 627 87h 975 440 
After aging 24 hr. in oxygen After aging 24 lr. in oxygen 
bomb at 70°C, and 300 p.s.i. bomb at 70°C. and 300 pis.i 
40 1100 3024 613 1200 2000 A487 
80 7A0 1800 


493 Too brittle to test 








In addition to the advantages obtained by the use of low sulfur ratios and good aging 
accelerators, antioxidants (see Rubber chemicals) ave used which still further improve 
the resistance to deterioration during aging. The effect produced by the addition of 
one part of alkylated diphenylamine (AgeRite Stalite) to the two compositions used 
above is shown in the following table: 





Composition C 


Composition D 
































Cure tinte - ~ _ ~ i - 
at 280°F,, Moclulus at Tensile Hlone., Modulus at Tensile Bloug., 
min, 400%, psi. strength, pai. % 400%, p.s.i. strength, pad. uf 
. Original properties Original properties 7 
40 650 2800 720 1325 4250 6-40 
80 600 3025 707 1400 3050 647 
Alter aging 24 hr, at Alter aging 24 hr. at 
100°C. in test tubes 100°C. in teat tubes 
40 825 2550 633 875 2000 507 
80 875 2050 580 825 1200 480 
After aging 24 br, in oxygen After aging 24 hr, in oxygon 
bomb at 70°C. and 300 p.s.i. bomb at 70°C. and 300 p.s.i. 
40 875 2075" 578 1250 3550 613 
86 725 1950 613 


1000 1000 


400 





“ Short, premature break. 


A typieal accelerated gum. composition incorporating the various features dis- 
cussed above and which would be suitable for use in certain products would he as 
follows: 


Rubber (natural)... 0.00. .0.0..0.000000. {ad 

Sulfar. ee eee 2.5 
Aine Oxide... ee 5.0 
MBTS. 0c cc cece cee ee 1.0 
Stearia¢ acid ...... 0. eee 1.0 
PBNA... ccc ieee ences 1.0 


This composition develops the following stress-strain properties when vulcanized for 
40 min, at 284°: 
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Modulus at 500%... 2.0. cee 375 p.sd 
Modulus at 700%... 0... eee 1605“ 
Tensile at break eee ee 3420“ 
Mlongation at break. 0.00... 00. a ee 820% 


This recipe might be considered ay a base from which innumerable variations could 
stem by modification of the amount and kind of the ingredients or by the addition of 
reinforcing agents, fillers, colors, softeners, and extenders, or other materials, 

Certain modifications could be made while still retaining the general character- 
istics of a pure gum formulation. Among these might be the following: 


(1) Different grades of naturalrubber. For example, clean pale erepe when a light amber color 
is required, u less expensive grade where color is not important or when some dirt can be tolernted, or 
ib well-masticated grade, that is, one having a high plusticity, to permit casier processing. 

(2) Variation of the sulfur ratio. Higher ratios for higher modulus, stiffer vulcanizates, aud 


lower sulfur ratio for better aging or lower modulus, Such modifications are usually accompanied by 
suitable adjustments in the accelerator ratio. 
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Fig. 1. Effect of zinc oxide concentration, 


(3) Accelerator variation, The kind and amount of accelerator might he varied to attain a 
faster or slower rate of vulcanization, to obtam a stock with less odor or taste or lighter color, or to 
obtain high or low modulus or other effects, 

(4) The tatty acid might be omitted if the accelerator used does not require more than is nor- 
inally present in natural rubber, 

(6) The zine oxide might be omitted if an accelerator were used which did not require it, or its 
concentrution might be reduced to about 1 part if transparency is desired, or another metal oxide 
might be substituted for it. 

(8) The kind and amount of antioxidant might be varied depending on the color, staining, or 
uging requirements of the service. 

(7) The elomental sulfar might be omitted and a material such as TMTD substituted which 
during vulcanization would supply sufficient sulfur to effect vuleanization. 

(8) Auxiliary materials might he added such as retarders for increasing processing safety, 
lubricants to facilitate extrusion or calendering, or tackifyimg resins to improve tack. 
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Other modifications of this basie recipe that involve the addition of pigments, 
softeners, or other modifying agents to produce specific properties necd not involve 
any changes in the proportions of the various ingredients unless the materials added 
have an effect on the curiug rate, in which case an adjustment may be made in the 
proportion of curing agents. 

Similar gum formulations of GR-8 exhibit very poor physical properties. Where- 
as natural rubber gum compositions have tensile strengths in the range of 3000- 
5000 p.s.i., GR-S gum compositions have tensile strengths of the order of 300 p.s.i. 
They are, therefore, of uo commercial value. The butadiene-acrylonitrile copoly- 
mers likewise exhibit very poor physical properties in gum formulations, Neoprene, 
on the other hand, develops excellent gum properties. GR-I also develops fairly 
good properties in gum formulations although with slight overcures the good proper- 
ties disappear, 

Following are typical gum recipes for these rubbers along with the stress-strain 
properties at the best eure: 











~ Hycar OR-15 Neoprene GN GR-I 

Hycur 1001... .100 Neoprene GN....... 100 GRIT... eee. 100 

ine oxide...... 5 Magnesiumoxide.... 4 Zine oxide... .. 5 

Sulfur.......ee. 1.25 Zine oxide.......... 5 Stearicacid,... 3 

MBTS......... 1.0 Stearic acid... ...... 0.5 TMTD........ 1 

Sulfur......... 2 

Cure 40 min, at 307°T, Cure 40 min, at 284°R, Cure 30 min. at 

302°, 

Modulus at 300%, p.s.i. 350 360 50 

Modulus at 700%, p.s.i. ~— 1800 460 
Tensile strength 

at break, p.s.i, 450 4100 2505 

Elongation at break, % 355 880 900 

PIGMENTATION 


Dry pigments other than those added to rubber as vuleanizing agents or vuleaniz- 
ing aids are loosely classified either as reinforcing agents or fillers. The former im- 
prove the properties of the vulcanizates while the latter serve primarily as diluents. 
There is no general agreement among rubber technologists as to what reinforcement is, 
how it can be measured, or precisely where the dividing line is which distinguishes the 
reinforcing materials from the fillers. There is general agreement that all grades of 
rubber carbons with the exceptions of FT (fine thermal) and MT (medium thermal) 
are reinforcing agents, the degree of reinforcement increasing with a decrease in par- 
ticle size. With respect to the nonblack pigments there is more disagreement, but 
it is generally conceded that some reinforcement results from the use of the fine par- 
ticle zinc oxides, the fine, precipitated calcium carbonates, the calcium silicate pigment 
marketed as Silene EF, the silica pigment marketed as Hi-Sil, the finer clays, and fine 
particle magnesium carbonate. There would also be general agreement that none of 
these materials is as good for reinforcement as the finer furnace or channel rubber 
blacks. See Carbon (carbon black); Calcium compounds (carbonate); Clays (rubber- 
making), 
_ In general it can be said that a reinforcing pigment when added to 2 base pure 
gum recipe, such as that described above for natural rubber, or corresponding recipes 
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for the synthetics, will impart greater stiffness and higher ultimate tensile strength 
than would be obtained by using an equal volume of a recognized filler such as of coarse 
particle size whiting. The quantities of these materials generally used are of the order 
of 10-50 volumes/100 parts of rubber. 

The most important characteristic required of reinforcing pigments is a small 
particle size. In Table I are listed some published data on the particle size and surface 
area of some of the more common pigments both reinforcing and nonreinforcing. 


TABLE I. Particle Sizes of Pigments. 








Snrface area Average particle 
front Nz diam., mu, by 





Pigment _ . Grade adsorption, mi2/is. electron inicroscope 
Carbon blaek (2) CC 250-125 10~20 

“ ‘ HPC 125-100 20-25 

" MPC 100-90 25-30 

“ “« EPG 90~80 30-33 

“ a FF and CF 70 36 

“ u TMF GO-50 50-60 

ou ‘« SRE 42-230 70-90 

a « FT 20-15 150-200 

u a MT 10-5 250-500 

“ “ Acetylene 64 43 
Whiting (3)° Witco AA 0.55 3900 

u Micronized 1.4 1500 

‘ Witearh R-12 18 145 

« Witcarb R 32 50 
Clay (3) Witco No. 1 17 50 X 170 X 270 
Whiting (9)" Pureaal V —_ AQ 

Pureeal M — 1500 

u Atomite —_ 1500 
Whiting (10)" Caleene TM 16 100 
Clay Cutalpo _ 800 

“ Dixie — 1000 

Silica (10) Ti-Sil 110 25 
Galeium silicate (10) Silene HE 80 30 





* "This term may refer to either natural or precipitated caleium carbonate. 


The reason for the use of such a wide variety of materials is that properties of the 
unvuleanized mix as well as those of the vulcanizate may be varied over a wide range 
to fit the processing requirements, the service, and the economic demands of the prod- 
uct, In general, the finer pigments require more energy for their dispersion into the 
rubber and the plasticity of the resultant mix is lower. It is therefore more difficult 
to process in operations following mixing. This effect of pigments on the properties 
of the rubber-pigment mixture is of great practical importance, and for the manufac- 
ture of some products may be a more important factor in the selection of pigments than 
their effect on the vulcanizate properties. 

As an illustration of the effect of varying surface area of the black on the plastic- 
ity the data (Table IT) from Drogin (6) are pertinent, 

Associated with this toughening elfect is the decrease in solubility of the mixture 
in solvents, Both effects are influenced by the time interval following, the mncorpora- 
tion of the pigment, On standing, the mixture becomes less plastic and less soluble. 
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TABLE I. Effect of Varying Surface Area of Carbon Black on Plasticity. 
50 Parts Black per 100 Rubber* 

















GRAS Natural rubber 

: , . Moone Ly Williams Mooney Williams 

Cipdaet —Saateee ep tien, MMS atten, SR 
CC 28) 75 391. 62 312 
MPC YF a7 301 5] 251 
EPC &0 54 283 4G 229 
Cr 78 48 249 Bi) 188 
HME 45 40 2+] bd 160 
SRE 24 41 231 33 150 
FT 23 34 222 28 142 
M T 19 33 187 28 132 





a The GRS also contained 8 bar ts sof sot tener (Parallux) t and 5 purts af zing oxide, The natural 
rubber also contained 5 parts of pine tar, 3 parts of stearic acid, and 5 parts of zine oxide, 
» A high value by both measurements denotes & greater ‘viscosity. 
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Fig. 2. Physical properties developed in natural rubber yuleani- 
zates by carbon blacks of varying surface areas. 


Also associated with these phenomena is the tendency of the finer particle pigments to 
dry the uncured stock and render it less tacky so that fabrication operations following 
calendering or tubing are more difficult. 
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Another effect of pigments on the unvuleanized material ts to reduce the tendency 
of a material to recover after being forced between rolls or throngh a die. This tend- 
ency is commonly designated as “nerve” and is due to a relatively high elastic com- 
ponent tn the mixture, With increasing loadings of any dry pigment, this tendency is 
suppressed. T’iner pigments reduce the nerve less rapidly with increasing loadings 
than the coarser ones. When the particles occur in an agglomerated chainlike struc- 
ture and this structure persists daring milling into the rubber, the reduction in the 











ue ot Tv “TT q T T 
are 
vg 
ry 
a 
2 § 40- + 
3 3 x Hysteresis 
we 50 Parta Black Loading x 
ec 3q- 7100 Porta Rubber -| 
w 
if) 
ze 
a 8 x 
z 20- aot 4 
Be 





A 
4800; ee. 
x 
Ultimate Tensile Strength 











x 
x x 
4000; x 
x 
_ 3200- ol 
rT) ® 
a 
® 300% Modutua 
HA ® 
ty 2400)- ® q 
e a i ae 
177) 
1600)|- 4 
800}~ 7 
eo 1... ___-—__L_ 
20 40 60 80 fe] 120 140 


ie] 
SURFACE AREA —SQ. METERS /gm. 


Fig. 3. Physical properties developed in GR-S-10 vulcanizates 
by carbon blacks of varying surface areas. 


nerve of the mix is very much greater than with pigments exhibiting a particulate 
structure, , 

Tn general, the effects produced in the vuleanizates by the addition of pigments 
to the various rubbers are similar. With a decrease in particle size the tensile strength 
increases, the modulus increases only slightly, the hysteresis loss increases markedly, 
and the resistance to abrasion isimproved. Figures 2 and 3 show some of these effects 
for both GR-S and natural rubber with 50 parts loading of various blacks. In Figures 
2-5 the stress-strain data were obtained on specimens smaller than standard. For 
this reason the ultimate tensile strengths are somewhat higher than would otherwise 
be obtained. The apparently anomalous behavior of certain of the blacks with re- 
spect to modulus is attributed to their tendency to agglomerate into a chainlike struc- 
ture. With increasing proportions of a particular black, modulus increases, tensile 
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strength increases to a maximum anil then decreases (for GR-5S with all blacks and for 
natural rubber with the finer blacks), elongation decreases (for natural rubber, but 
for GR-S increases up to about 35 parts loading and then decreases), and hysteresis 
increases. A.sat of curves illustrating these effects is given in Figures 4 and 5. 
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Fig. 4. Physical properties of natural rubber vulcanizates compounded 
with increasing proportions of EPC carbon black. 


The addition of carbon black to any of the rubbers affects the curing rate of the 
mixture. The effect depends upon the sensitivity of the curing system used to slight 


changes in the pF of the environment. ‘The pH valnes for several carbon blacks are 
given below: 








Black: pit 
Lampblack.... 0... 0. .ce eee 3.5 
EPC black... 2.0... 000000, 4,9 
AMP black...........0..0.. 9,8 
SRF black..........0 00.002, 9.8 


Acidic blacks tend to retard the curing rate, while alkaline blacks tend to increase 
the curing rate. The usual compounding practice is to employ a higher concentration 


of accelerator with low pH blacks than would otherwise be employed and a lower con- 
centration with high pH blacks. 
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In GR-I (butyl) aud in Neoprene GN the effects of the addition of pigments are 
somewhat similar to the effects produced in natural yibber and GR-S with the im- 
portant exception that the tensile strength of both rubbers declines with the addition 
of even the finest blacks, that is, the gum stocks exhibit higher tensile strengths than 
the compounded stocks. However, for equal loadings of blacks of varying particle 
size the finer blacks give the highest. tensile strengths, that is, less reduction of tensile 
strength from the value of the gum stock. The finer particle blacks, both chamnel and 
fine furnace, are used in those products where maximum resistance to tear, cutting, 
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Fig. 5. Physical properties of GR-S-10 yulcanizates compounded 
with increasing proportions of EPC carbon black. 


and abrasion is required. The coarser grades are used for a variety of purposes, in- 
cluding moderate reinforcement, stiffening, improvement in processibility, or as fillers. 
The finer particle noublack pigments are used when reinforcement is required for 
products in which colors other than black are desired. The coarser pigments such 
as clays and coarse whitings are used as diluents and processing aids. 

For many reasons it is advantageous to manufacture certaim rubber products in 
colors. For this purpose a variety of pigments are available to provide almost any 
desired shade of color. Crude natural rubber and the synthetics vary in color from a 
very pale yellow to a very dark brown. Pure gum stocks containing the minimum 
quantity of vulcanizing agents are translucent and vary in shade according to the color. 
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of the crude used. In mixes containing an accelerator together with an excess of zine 
oxide, the cured material loses its translucency aud becomes opaque. 

In developing colored stocks, the usual procedure is to add a sufficient quantity 
of a background pigment having a high hiding power (such as one of the titanium pig- 
ments) aud. to this mixture add an organic dye to give the desired color. 

Shades which need not be bright are obtamed by the use of organic pigments 
such as iron oxide, chromium oxide, antimony sulfide, cacinium selenide, and ultra- 
marine blue (see Pigments, inorganic). If pastel shades are not required, these mate- 
rials may be added to stocks containing pigments with low opacity or hiding power 
such as whiting and will produce acceptable colors. The color pigments, whether or- 
ganic or inorganic, are selected for their stability during the cure through which the 
product will go and for their fastness in the service for which the article is intended. 

A variety of pigments other than those mentioned above are used in rubber for 
specific purposes. Among these are fibrous asbestos for the stiffening effect: produced 
by fibers combined with the good heat resistance of the fiber itself, cotton, or other 
textile fibers for the same purpose where extreme heal resistance is not required, 
graphite in a variety of particle sizes to provide reduced coefficient of friction, ground 
cork for compounds of low density, glue as a stiffener, itharge or other lead pigments 
where extremely high densities are required or for opacity to x-rays, and stiffening 
resins such as polyvinyl chloride, phenol formaldehyde resins, polystyrene, or high- 
styrene low-butadiene copolymer resins. 


SOFTENERS AND EXTENDERS 

The term softeners in compounding is applied to a wide variety of oils, tars, resins, 
and pitches, which are used for a number of reasons, some having little or no relation 
to softness either of the nnvulcanized or the vulcanized material. /irfenders are mate~ 
rials possessing plastic or rubberlike properties which can be used to replace a portion 
of the rubber with (usually) a processing advantage. Both softeners and extenders 
may be used simply as diluents. Thus the distinction between a softener, or extender, 
and a diluent is somewhat arbitrary. Certain materials may be used as both softeners 
and extenders on one hand and us extenders and diluents on the other. Chemical 
plasticizers such as the RPA's and Pepton 22 are in a somewhat different category in 
that they are used in very low concentration and their effect is chemical rather than 
physical. 

The solubility of the softener in the rubber is one of its important characteristics. 
In general, the most effective softeners are those which are good solvents for the rubber. 
Nonsolvent or lubricating types are also used to facilitate certain mamufacturing opera- 
tions. Solvent softencrs impart softness to the unvuleanized mix but do not reduce 
the nerve of the rubber. They also impart the maximum resilience and reduction in 
hardness to the vuleanizates. Less effective softeners from the standpoint of solu- 
bility produce smooth, flat. processing stocks. Insoluble or only slightly soluble 
softeners reduce tackiness and stickiness of the compounded mix. Many of the 
lutter group are soluble in the rnbber at processing or vuleanizing temperatures hut 
bleed or bloom from the stock during storage at room temperature. Paraffin and. cas- 
tor oil areexamples. The classes of softeners which are of the solvent type on one hand 
andl of the lubricant type on the other are different for different rubbers. For example, 
a paraffin-hase lubricating oil is a solvent type softener for natural rubber and GR-S. 
a, semi-lubrication type for neoprene, und a lubrication type for the nitrile rubbers, 
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a i ] " 7 A oy 1 % 47 7% 4 4 +. | ms 
Typical materials which are solveni-type softeners for these three types of rubbers 
are given below: 


Natural rubber and GR-8 











m ; Neoprene Nitriles 
All petroleum fractions Naphtheniec petroleum fraction Coal tar fractions 
Pine tars and resins Coal tar fractions Esters 


tonl tar fractions Testers 


The physical characteristics of the softener have an important effect on the be- 
havior of the batch in which it isused. A material with a Jow boiling point that would 
evaporale during processing or curing or during use of the article would be undesir- 
able. (Such have been proposed and used in certain specialty applications.) The 
melting point of the softener affects the freezing point of the vuleanizate in which it is 
used. ‘The viscosity of the softener affects the stiffness of the yuleanized material; 
for example, a solid resin will produce a harder stock than a very fluid oil, The latter 
type produces stocks with the lowest hardness and maximum resilience. 

Softeners may have an accelerating effect, a retarding effect, or no effect ou the 
cure depending on the pH of the material, the amount used, and the sensitivity of the 
curmg system to variations in pH. In GR-I (butyl rubber) softeners with any ap- 
preciable unsaturation must be avoided or the cure of the GR-I will be greatly retarded 
or completely stopped. The same holds true in natural rubber or the butadiene poly- 
mers: unsaturated softeners affect the cure, and it is general practice to use higher ratios 
of vulcanizing agents when they are present in the mix. 

A recent development involving the nse of high proportions of oil is that of oil- 
extended synthetic rubbers for use in tire treads and other applications. In this use 
the oil, ommbsified in water, is added to the synthetic latex prior to coagulation and co- 
coagulated with rubber. The proportion of oil is currently in the range of 25-50 parts/ 
100 parts of polymer. The polymer is usually of very high viscosity such that in the 
absence of the oil it would be unprocessable by conventional techniques. The particu- 
lar virtue of this development is that cqual or better quality is obtained with the com- 
bination of a high-molecular-weight rubber and Jow-cost oil than is obtained with a 
low-viscosity rubber without oil. Thus a fixed quantity of butadiene and styrene 
goes farther and an appreciable saving is effected. 


CILOICK OF VULCANIZATION AGKNTS AND AUXILIARY MATERIAIS 


Natural Rubber. Sulfur is the almost universal vulcanizing agent for rubber. 
The usual proportion used for obtaining soft rubber vulcanizates is approximately 
3 parts/100 rubber. Lower ratios, down to 0.5 part, are frequently used with a suitable 
upward adjustment of the accelerator. In general, the aging properties of the vul- 
canizate improve as the proportion of sulfur is decreased. Higher ratios than three 
parts may be used to obtain tight, snappy cures. Ratios in the range of 30-60 parts 
give hard rubber stocks. In the range of 12-16 parts stocks are obtained having rela- 
tively poor physical properties and poor aging characteristics. ‘The good tensile 
strength properties of low-sulfur .(0.5-8.0) compounds are attributed to the ability of 
the vulcanizates to crystallize readily on stretching. . The crystallites thus formed func- 
tion as reinforcing agents. Higher sulfur ratios interfere with crystallization and thus 
this reinforcement is not obtained. . 

Natural rubber can also be vulcanized with a number of oxidizing agents including 
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trinitrobenzene, benzoyl peroxide, quinone dioxime, and chloranil. None of these 
materials ig capable of giving vuleanizates comparable to hard rubber. Also none 
of the cures of this type is of much practical importance heeause of high cost, too 
rapid cure rate, inferior properties, staining, or other disadvantages. The elements 
selontum and tellurium are algo capable of vulcanizing rubber, but not of producing 
hard mbber. Beeause of high vost, toxicity, and the relatively minor advantages 
gained by their use, these materials have not found any widespread use. 

Also certain phenol-formaldehyde resins are capable of vulcanizing rubber. These 
resins are made from substituted phenols, which when treated with formaldehyde 
are incapable of building up a three-dimensional structure. So far as is known at. pres- 
ent, there are no commercial applications of this method of vulcanization. 

Jertain organic sulfur compounds will release sulfur during heating; thus sulfur 
ig then available to the rubber to effect vulcanization. Some of these materials are 
the alkyl phenol sulfides, Thiokol VA-3 (a rubbery polysulfide having excess sulfur), 
N,N‘ -trithiobis(diethylamine)4,4’-dithiodimorpholine, and TMTD. Materials of this 
type are frequently used when it is desired to have the nuiniminn of free sulfur pres- 
ent in the vulcanizate or when excellent aging properties are desired. 

Also the Peachy process can be used to effect vuleanization, ‘This involves the 
alternate exposure of rmbber to hydrogen sulfide and sulfur dioxide at room tempera- 
ture. Vuleanization is practically instantaneous at rooni temperature. ‘This process, 
although of considerable theoretical interest, is of no commercial interest. 

A vulcanizing agent formerly used in appreciable quantities is sulfur monachloride, 
8.Ck. This was used for effecting cold vulcanization of thin rubber products such as 
toy balloons or proofed fabric. ‘The methods used were either to dip the product in a 
2-4% solution of sulfur monochloride in a solvent (carbon disulfide was generally pre- 
ferred) for a few seconds or to subject the goods in a closed vessel to sulfur mono- 
chlovide vapor for times up to 34 hour. Generally the products after vulcanization 
were treated with ammonia to neutralize ary ydrochlorte acid which might have been 
formed, Limitations were erratic aging behavior of the products and a limit of about 
0.040 in. in thickness of rubber which could be vuleanized. This process is now of 
little commercial importance. 

When elemental sulfur is used as the vulcanizing agent, certain auxiliary mate- 
rials must also he added in order to obtain desirable properties. One of these materials 
is the organic accelerator. The choice of the organic accelerator is an important de- 
cision since it influences or determines: (1) the processing safety of the stock, (2) the 
rate of vuleanization, and (3) the physical properties of the vuleanizate. 

Tn the following table are shown the effects produced by several well-known ac- 
celerators on the time for scorching (incipient vulcanization) to occur and the subse- 
quent rate of vulcanization, both bemg determined by the Mooney viscometer main- 
tained at 280°F. and using the base recipe on p. 907. 

The extent of delayed action or length of scorch time required for a particular 
product depends on the processing procedure through which the material must go 
during manufacture. If all the operations are at relatively low temperatures and the 
intervals between operations short, a fast, scorchy accelerator such as ZODMDC 
might be tolerated. However, for high-speed, high-temperature operations the maxi- 
mum delayed action as exhibited by CHBS in the above table may he none too much, 
The scorching time and the cure rate are both temperature dependent, both may be 
varied by varying the concentration of the accelerator, and both are influenced by the 
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Natural rubber..............100 

Aine oxide... 2... ee ee iY 

Stearic acid... 0.00. ee 15 

Sulfty. eee ees 3 

Ae ‘celerator pony 100 etch r 8G a rhe nh tin, Cure rea) Me " rey 

ZDM DC 0.2 2.8 23 
MBTs 0.5 9.0 v7 
MBT 0.5 4.0 10 
CHBS 0.5 10.5 7.5 
TMTD 0.5 4.0 12.5 
DPG 1.0 3,5 5.2 
Thiocarbanilide 3.0 3.5 8.1 
Litharge 10.0 2.5 4.5 





other materials present in the recipe, including the quantity of sulfur and the kind and 
amount of pigment that is used, 

The physical properties of the vulcanizate which may be influenced by the ac~ 
celerator include the modulus or stiffness, the ultimate tensile strength, the set, creep 
or stress-relaxation properties, the dynamic properties, aging characteristics, odor, 
and color. 

Accelerators are frequenily used in combination in order to produce a faster cure 
than cau be obtained by either material separately. The most common combinations 
consist of an acidic accelerator such as MBT or one that becomes acidic during vul- 
canization such as MBTS, combined with a basic type such as DPG or an aldehyde- 
amine. 

Occasionally retarders ure used, to lengthen the scorch time and slow the cure 
rate of excessively fast combinations. The most popular retarders are salicylic 
acid, benzoic acid, phthalic anhydride, and N-nitrosodiphenylamine. 

The normal dosage of zine oxide is 5 parts/100 rubber, although for special stocks 
this may he reduced to 1 part. Impurities present in the zine oxide (principally lead, 
cachniwmn, and sulfur) may affect the curing rate. Also leaded zinc oxides will affect 
the color of light-colored mixes because of the formation of the black lead sulfide 
during cure. To be effective, part of the zinc oxide must be converted to a soluble 
form, for examples, zine stearate, during mixing or vulcanization. This then apparently 
forms a complex compound with the organic accelerator and functions in some man- 
uer not yet understood to produce crosslinking of the rubber by means of sulfur. 
In the absence of fatty acid to produce the soluble zinc compound the curing rate is 
slow and the quality of the vulcanizate is inferior. For special purposes litharge, mag- 
nesium oxide or lime may be used in place of the zinc oxide. 

Fatty acids are normally present in natural rubber to the extent of 1-2%. Far 
the aldehyde-amines, the guanidines, and the thiurams, additional fatty acid is not 
required. For other accelerators additional fatty acid, generally stearic or lauric, is 
added. Yor unloaded gum stocks 1-2 parts are adequate, but for carbon black stocks 
3 ormore parts are needed. . . 

Butadiene Polymers and Copolymers, GR-S and the nitrile rubbers are vulean- 
ized with sulfur and are also capable of being vulcanized by the use of benzoyl peroxide, 
trinitrobenzene, and others. There are, however, certain fundamental differences 
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between these rubbers and natural mitbber which must: be kept in mind when compound- 
ingthem. ‘The normal suliny ratio used with GR-S is in the range of 1.5-2.0 parts for 
carbon blaek stocks and. 3.0-4.0 for nonblack stocks. “For the nitrile rubbers the corre- 
sponding ratios are 1.0-1.75 and 2.0-3.0. Both types are capable of vulcanizing to 
hard rubber with 40-60 parts of sulfur. For both rubbers much move accelerator is 
required than for natural rubber. For example a natural rubber tread stock will cure 
in 45 minutes at 280°F. when aceclorated with 0.9 part/100 rubber of MBT. A 
similar GR-S stock requires 1.5 to 3.0 parts of MBT to attain a reasonable curing rate. 
The slower curing rate of these synthetics is attributed to the lowered. reactivity of the 
molecule resulting from the replacement of the side methyl group in a polyisoprene 
with a hydrogen in what is essentially polybutadiene. Tor hoth GR-8 and the 
nitrile rubbers, lower sulfur ratios confer better resistance to aging, particularly at high 
temperatures. A further improvement can be effected by using an organic sulfur 
donor such ag TMTD as the source of sulfur. The aldehyde-amine and guanidine 
accelerators are considevably less effective as primary accelerators with these rubbers 
than they are with natural rubber. The thiazoles by themselves or activated by the 
above types are most commonly used. 

Standard GR-S contains approximately 4.5% of fatty acid while rosin acid GR-S 
contains 4.5% of rosinacid. Cold GR-S8 usually contains either all rosin acid or a mix- 
ture of rosin and fatty acids. The nitrile rubbers when made with soap as the emulsifier 
are treated during their manufacture to remove the fatty acid to which the soap is 
converted during coagulation. With rosin acid GR-S, fatty acid is usually added in 
compounding, With the nitrile rubbers the effect of the omission of fatty acid is 
but slight. Some improvement in set properties is obtained by the addition of fatty 
acid, but other properties are not noticeably affected. High concentration of fatty 
acids in the nitrile rubbers is likely to cause trouble in processing because of blooming 
from the uncured stock. They will also bloom from the vulcanizate. 

Chloroprene Polymers. The ncoprenc types, such as GN, CC, and RT, do not 
require sulfur for vulcanization. They will vuleanize by heating without the addition 
of any vuleanizing agents although the rate is low and the properties are poor. Oxides 
of zine and magnesium are vuleanizing agents but also perform other functions. Both 
oxides serve as acid acceptors in the event that any hydrogen chloride is formed during 
processing or during service. The magnesium oxide also serves as a scorch retarder 
during processing. The zinc oxide accelerates the cure and also imparts improved 
physical properties, particularly heat resistance. When low water absorption is de- 
sired, red lead without magnesia and with or without ziuc oxide may be used. Carbon 
blacks of all types accelerate the curing rate and variations in the pH of the blacks 
have but a slight effect. Sodium acetate and MBTS are retarders, Sulfur acceler- 
ates the cure and stiffens the vulcanizates appreciably. Neoprene W is a more recent 
development, which, like the earlier neoprenes, is vuleanized with zine oxide and mag- 
nesium oxide. However, unlike the earlier neoprenes, the rate of vulcanization may 
be varied over wide limits by the use of some of the conventional rmbber accelerators 
and sulfur. Neoprene Q, astill more recent development, is a copolymer of chloropreué 
andacrylonitrile. Like the other neoprenes it is vulcanized with zinc oxide and magne- 
sium oxide. 

GR-I or Butyl Rubber. GR-I can be vuleanized with sulfur and also by certain 
of the oxidizing agents which will vulcanize the other rubbers. Less than 1.0% of 
sulfur can be combined with GR-I if all the unsaturation is satisfied. An appreciable 


RUBBER COMPOUNDING 909 


excess is usually used. The accelerators usually used are MBT approximately 0.5 
part/100 rubber combined with TMTD 1.5 parts. ZnDMDG or similar ultra acceler- 
ators may be used in place of the TMTD. Softeners having unsaturation cannot be 
used with GR-I, and for the same reason blends of GR-I with natural rubber or buta- 
diene polymers cannot be satisfactorily cured by conventional methods. Nonsulfur 
euves of this rubber are commonly used commercially, The preferred agents are qui- 
none dioxime or quinone dioxime dibenzoate combined with an inorganic oxidizing 
agent such as red lead. 


ANTIOXIDANTS AND STABILIZERS 


Synthetic rubbers of the diene types are quite unstable when freshly prepared and 
require the addition of a stabilizer to permit storage and processing prior to vuleani- 
ation, The materials which have been found effective for this purpose are, in many 
cases, the suine materials as are usecl with natural rubber to protect its vulcanizates. 
See also Antioaidants. In compounding these syntheties to which a stabilizer has al- 
ready heer added following polymerization it is generally not necessary to add addi- 
tional stabilizers during their subsequent processing. Hence the compounder in select- 
ing the grade or variety of polymer to use thereby selects the stabilizer also, The 
selection of the antioxidant or stabilizer to use in compounding for a specifie product 
is always important and in many cases is crucial. The following factors need to be 
considered: 


(7) Some antioxidants ure more effective in retarding a particular type of deterioration than are 
others. Tor example, some materials may be particularly effective in retarding crack formation 
during flexing while being quite ineffective in preventing deterioration resulling from the presence in 
the mix or exposure to minute proportions of soluble compounds of copper, cobalt, or manganese. The 
requirements and peculiarities of the service need to be carefully considered before selecting the 
material to be used. 

(2) Many of the common autioxidants are soluble to only a limited extent in rubber and when 
used in excess of their solubilities will bloom: [rom the surface of the products. If bloom is objection- 
able, and in most cases itis, the maximum nonblooming concentration is usually usec. 

(8) The most offective antioxidants are Lrequently materials which stain or discolor light-colored 
shocks in whieh they are used and also stain materials such as fabrics, paper, or luequered or 
enameled surfaces with which they may bein contact, If this isa factor, it may be necessary to select 
tv somewhat less effective but nonstaining material or, if the requirements are very stringent, it may be 
necessary to omit all antioxidants. — 


When. the polymers or copolymers of butadiene are adequately stabilized, the 
vulcanizates prepared from them are appreciably more resistant to oxidation than are 
natural rubber vulcanizates containing the most effective age resisters. Also the speci- 
ficity of antioxidants in preventing particular types of deterioration such as flex crack- 
ing, heat aging, or poisoning by copper, cobalt, or manganese appears to be absent 
for the butadiene polymers, Thus the problem of stabilizer selection for these poly- 
mers is generally concerned, with stabilizing the rubber during storage and processing 
and with the staining or discoloration problem, , 

No additional stabilizer needs to be added to neoprene compounds unless the prod- 
uct is to be exposed to high temperatures in service or unless the evolution of hydrogen 
chloride might attack fabric in the product. In these cases the addition of a material 
such as PBNA confers some benefit, It has also been found that high concentrations 
of PBNA, of the order of 4-6 parts, greatly improve the ozone resistance of neoprene 
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compounds. It is also unnecessary to add additional stabilizers to GR-I during com- 
pounding. 

One type of deterioration very commonly encountered with rubber which is ex- 
posed under slight strain to an atmosphere containing minute quantities of ozone is 
the appearance of cracks at right angles to the direction of the strain. 
This is due exclusively to the ozone and appears only when the rubber is 
strained. Compounds of natural rubber, GR-S, and the nitrile rubbers are most sus- 
ceptible to this type of deterioration, while compounds of the neoprenes, Thiokols, and 
GR-I are quite resistant. The ozone concentration in the atmosphere, while very 
low, is sufficient to cause this type of failure in a relatively short time in unprotected 
materials. In certain services around electrical equipment much higher ozone con- 
centrations may be encountered, and special materials must be selected to with- 
stand these conditions. 

When products made from the susceptible materials (natural rubber, GR-8, 
and the nitrile rubbers) are expose! statically but under strain to ozone deterioration, 
the standard method of protection is to add a petroleum wax (q¢.v.) to the mixture 
in such proportion that following vuleanization o portion, of the wax will bloom to the 
surface and thus form a protective flm. The proportions used vary from 2 to 10 
parts per 100 parts of polymer. However, since the wax films are susceptible to in- 
jury or removal by wear, this is not an entirely satisfactory solution to the problem. 
Also the wax device is unsatisfactory for dynamic exposures. 

Couventional antioxidants do uot confer protection Seainnt this type of deteriora- 
tion, although there is some evidence that certain materials, if used in concentrations 
sufficiently high to conse blooming, will confer some roteerion When this problem 
is serious, the solution usually lies m selecting a polymer such as neoprene, Thiokol, 
or GR-I which is much more resistant to this type of attack than are natural rubber, 
GR-5, or the nitrile rubbers. The ozone resistance of neoprene compositions can he 
still further improved by using high proportions of PBNA. 


RECLATMIM RUBBER, AND GROUND SCRAP 


An important raw material for compounding purposes is reclaimed rubber, which 
is made from ground sevap. Vuleanized rubber scrap from used tires, inner tubes, 
boots and shoes, and hose may be reprocessed and rendered plastic by reclaimning and 
may then be re-used by the industry. The two principal processes ure the digester proc- 
ess and the heater process. The digester process involves cooking the ground scrap, 
usually with softeners, and sohuble defibering agents in a water slurry at temperatures 
of about 350°F. The defibering agent is usually caustic soda or a metallic chloride. 
The heater process involves heating the ground serap, mixed with softeners and/or 
special reclaiming agents, in direct: contact with steam in open pans, also at tempera- 
tures of about 850°F. The digester process is more adaptable to scraps containing 
fabric, such as ground tires, since the defibering agent hydrolyzes most, of the fabric, 
and this is then removed during subsequent operations of serecning and washing, 

Less used processes include the acid process, in which the fiber is removed by heat- 
ing with acid and the fiber-free resubling serap is reclaimed imo second step, usually 
by the heater process. The tight milling process involves milling the scrap (fiber-lree) 
on, a cold tight mill in the presence of a suitable chemical plasticizer. The Lancaster- 
Banbury process involves milling the scrap (which need not be finely ground) in a spe- 
cially rugged internal mixer under conditions which will develop temperatures in the 
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range of 450-550°I. Fabric when present is charred by the high temperature, and the 
charred fragments remain in the reclaim. Before discharging the batch, the speed of 
the mixer is reduced, and water is circulated through the rotors to cool the batch. 

After the reclaiming operation the resultant material is further treated by milling 
to homogenize the batch and in some cases to add pigments or softeners to facilitate 
the subsequent refining operation or to produce specific effects. The most essential 
and important operation is that of refining. A refiner is essentially a short two-roll 
mill having a high friction ratio between the two roll surfaces. It is designed so that 
the two rolls may be brought nearly into contact when working reclaim so that the 
material is subjected to extremely high shearing forces, thus breaking down and plasti- 
cizing lumps. Usually the sheet thickness at the first refiner pass is abowt 0.010 in., 
while subsequent passes are of the order of 0.002-0.005 in. The munber of passes may 
vary, depending on the material being processed and the cleanliness desired, that is, 
freedom from Immps. Frequently a straining operation is inserted between the 
second and third refining steps to remove bits of metal or other foreign material. 

The importart properties of reclaimed rubber for compounding purposes are its 
plasticity and elasticity, its rubber hydrocarbon content, its freedom from lumps, its 
color, wud several less tangible properties such as tack, dryness or stickiness, and mushi- 
Ness, 

The principul advantages of using reclaimed rubber are: (1) A material which 
would otherwise be a waste product is utilized. (2) The use of reclaim permits the 
production of certain products of adequate quality at a saving over an all crude or an 
all synthetic rubber formulation. (@) The use of reclaim assists in processing by re- 
ducing mixing time, and improves extrusion and calenderng. (4) Alkali reclaims 
speed the vuleanization and thus permit a reduction in the dosage of accelerator. (4) 
The production of reclaimed rubber in latge quantities has a stabilizing influence on 
the market price of crude rubber. 

The process of reclaiming is frequently called devuleanization, a word which im- 
plies that the processes which occurred during vulcanization have been reversed. 
This, however, is not the case. Although many claims have been made that true 
devuleanization cin be accomplished by one means or another, there is no good evi- 
dence that this has been done by any method. Reclaiming probabiy consists in the 
scission of the hydrocarbon chains thermally or by oxidation at points other than at 
crosslinking sites. It is also conceivable that scission may occur at disulfide cross- 
links. In either case the combined sulfur would remain in the product. 

For products subjected to the most stringent service conditions (such as lire 
treads), the substitution of reclaimed rubber hydrocarbon for crude polymer always 
results in a sacrifice of quality. However, for less demanding services such a substitu- 
tion can be tolerated with no sacrifice in quality. In many composite products, as in 
tires for example, certain parts may nob require the same combination of physical prop- 
erties as others. ‘Thus reclaimed rubber has been widely used in tire carcasses, 
bead insulation, and so forth, with no sacrifice in quality and with a significant econ- 
omy. 

In compounding hard rubber, the reclaimed rubber hydrocarbon is considered to 
be the full equal of the crude polymer. In this case, however, the introduction of re- 
elaimed rubber hydrocarbon always involves the addition of a certain proportion of 
nonrubber materials since no commercial reclaim has a 100% rubber value, A typical 
whole tire reclaim, for example, has a reclaimed rubber hydrocarbon value of about 
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50%. The reclaimed hydrocarbon value consists of the rubber and the sulfur com- 
bined with it and excludes the pigments and softeners used in the original com- 
pounding phis softeners, etc. added in the reclaiming process. 

As an illustration of the importance of reclaimed rubber in the industry, the pro- 
portion of reclaimed rubber consumed to the total new rubber varies roughly from 25 
to 33%. The production of reclaimed rubber in the principal consuming countries 
except the U.S.8.R. is shown in Table IIT. 


TABLE III. Production of Reclaimed Rubber. 
(All Figures ir in \ Long Tons) 








Your U.S. ULE. Gen EMD Australia Canada ‘Total 

1945 243 , 3809 22,317 — 5,819 3,307 274,752 
19-46 296,612 27, 798 — 6,410 3,967 3338 , 787 
1947 291,895 22,431 _ 5,978 4,125 323 , 024 
1948 266,861 24,614 — 5,305 4,323 301,108 
1949 224,029 20, 9-46 24, 1-47 5,899 3,475 278, 196 
1950 313,006 30,083 24,500 8,248 4,456 380 , 203 
1951 365, 933 36,729 27 855 8, 608 5,077 43, 702 





Ground scrap may be derived from a variety of sources. Wheu the ground scrap 
is fiber free and is ground to a fine powder, it may be used directly 11 compounding 
without a veclaiming treatment. When compounded into a rubber batch for the mant- 
facture of certain products such as molded goods, it enhances the processing character- 
istics without appreciable detriment to the finished quality. 


CONDITIONS O}F CURE 

The combination of vulcanizing agents, accelerator, activator, type of polymer, 
kind and amount of pigment loading, as well as other accessory materials chosen for a 
particular compound, determines its curing rate. The latter is measured by the rapid- 
ity with which the physical properties of the mixture develop with time of heating. 
The conventional method of determining the curmg rate is to cure test. slabs for various 
time intervals at the desived temperature, test the stress-strain properties of the re- 
sulting vulcanizates, and plot the tensile strength and the load required to produce a 
particular elongation, for example, 300%, versus the time of eure. In Tigure 6 are 
shown four such plots illustrating the varying types of behavior encountered. The 
time required to attain the optimum cure is a measure of the rate of cure. However, 
the selection of the optimum cure is not standardized, and different individuals em- 
ploy different criteria for its selection. Generally the methods employed have as their 
basis the use of one or more of the following criteria: (7) the cure which gives the maxi- 
mum tensile strength or a cure which is Just short of the highest tensile when no well- 
defined maximum is exhibited; (2) the cure which develops the maximum modulus; 
and (8) the cure at which the rapid rise in modulus stops or slows to a lower rate. 

Reversion is a decrease in stiffness with continued cure beyond the optimum, It 
is illustrated in Figure 6 (c) by the drop in modulus beyond the maximum. <A. cor- 
responding change which usually takes place is an increase in breaking elongation. 
Ut is generally considered desirable to avoid reversion if possible for various reasons, 
Compositions of most of the synthetics do not exhibit this effect. 

The selection of the optimum cureis based on tests made on relatively thin sheets, 
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usually 0.075 in. thick, The cure to be used on a particular product depends on the 
following factors. 

1. The Size and Shape of the Product. By all methods of curing except that of 
‘adiolrequency, heat is supplied to the product at the surfaces. Because of the rela- 
tively good heat: insulation characteristics of rubber compositions, the time required 
for the center of the article to attain the impressed temperature is quite long. This 
time lag or meubation time is a function of the size and shape of the article and the 
thermal diffusivity of the rubber. 
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Fig. 6. Effeet of cure time on stress-strain properties. 


2. The Temperature of Cure. The effect of temperature on the vulcanization 
rate over the range of temperature from room temperature to the highest temperatures 
eamployed commercially can be represented by an Arrhenius type plot relating the log- 
arithm of the time required. (the reciprocal of the rate) to the reciprocal of the absolute 
temperature. The curves obtained closely approach straight lines, and correspond 
to an apparent, activation energy of approximately 20-25 kg.-cal./mole. The pub- 
lished data on this point are not altogether reliable, probably because of the difficulties 
involved in determining the cure rates. Most investigators agree that some changes 
in the effect of temperature on cure rate result from changes in the curing system em- 
ployed, Asa rough approximation and for convenience in transposing cures from. one 
temperature to another it is generally assumed that the cure rate is doubled for a 10°C, 
(18°F.) increase in the curing temperature. Over the range of temperatures from 
about 125°C. (257°F.) to 160°C. (820°F.) in which most rubber products are vulcan- 
ized, this is a fairly reliable approximation. 

Tn making a change from one curing temperature to another any incubation time 
' which is included in the curing time of the article must be subtracted before the new 
curing time is calculated. Thus if the curing time of an article is 65 minutes at 280°F., 
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and this includes an inctibation time of 15 minutes, ancl it is desired to find the equiva- 
lent curing time at 300°F, the incubation time is first subtracted giving 50 minutes at 
280°R. The time at 300°F. that is equivalent to 50 minutes at 285°F. is 23 minutes. 
To this is then added the 15 minutes incubation time giving a final cure of 38 minutes 
at 300°F. The reason for this procedure is that the incubation time is independent 
of the temperature. 

The temperature of cure selected for a particular product will be determined by 
many factors, including the following: 


(1) For mold cures it is ceonomically advantageous to have the fastest possible mold turnover, 
Thus the temperature chosen is usually the highest possible temperature consistent with the produc- 
tion of goods of satisfactory quality. 

(2) The size of the product frequently determines the highest temporature which can he used. 
A product having a large volume of rubber will have a more uniform eure throughout its cross section 
if a long-time, low-temperature cure is used than a short, high-temperature cure. Frequently for 
products of this type a step-up cure is used in which a period of time at alow temperature is followed 
by another period at a higher temperature. 

(3) The maximum temperature that ean be utilized is sometimes limited by the pressure which 
the equipment will safely withstand (steam cures). 

(4) The maximum temperature that can be utilized is frequently limited by the occurrence of 
manufacturing defects at high curing temperatures, 

() For colored stocks lower temperatures are generally employed to obtain brighter colors. 

(6) In hard-rubber products the danger of a violent exothermic reaction in thick products 
limits the maximum temperature that can be employed. 

(7) In water-buag or air-bag curing of tires the maximum temperature of cure is not only de- 
pendent upon the thickness of the tire but is also limited by its effect on the life of the bags. 

(8) In air curing the heat capacity of the air is so low that it is more important to provide ade- 
quate circulation of the air than to raise its temperature, 

(9) For products which are eured without pressure or in seburated steam without any additional 
pressure on the rubber other than the steam pressure, or in steam cures in which the product is cloth 
wrapped to provide additional pressure, the maximum temperature that can be enrployed is limited - 
by the tendency of most mixtures to blow and become porous if cured at too high a temperature. 


HARD RUBBER COMPOUNDING 


When sulfur ratios of 30-60 parts/100 parts of rubber are employed, hard-rubher 
stocks ate obtained. Neither selenium nor tellurium as vulcanizing agents will pro- 
duce hard rubber, and certain polymers, namely neoprene, GR-I, and Thiokol, cannot 
be vulcanized to give hard rubbers. Thus the compounding of hard rubbers involves 
only natural rubbers and the high diene synthetics (GR-5 and nitrile rubbers) with 
sulfur as the vuleanizing agent. The terms ebonite and hard rubber are frequently 
used synonymously,. However, some authorities prefer to restrict the term ebonite to 
unfilled compositions. Current literature suggests that the term ebonite is gradually 
falling into disfavor and is heing displaced by the term hard rubber. 

If during vulcanization of a mixture of rubber and sulfur no substitution occurs 
and one atom of sulfur combines for each double bond, the limiting proportion of sul- 
fur for a pure natural rubber hydrosarbon would be 82 X 100/68 or 47%. This would 
correspond to a composition (CHS), Actually some substitution occurs, and in 
addition, reactions occur between the sulfur and the nonrubber materials present. 
As in the case of soft-rubber vulcanization the correlation between physical properties 
and the quantity of combined sulfur is not good. Tor a particular composition vul- 
canized for various periods of time, the physical properties continue to change with 


RUBBER COMPOUNDING 915 


continued heating even after the combination of sulfur has ceased. In spite of these 
facts a good rule of thumb for determining the quantity of sulfur required to produce 
a full hard rubber is to caleulate the quantity required to add to each double bond 
present. In actual practice ratios both lower and higher than those caleulated on the 
above basis are employed to produce specific effects. 

The times required to produce a full cure of a simple rubber-sulfur mix are quite 
long compared to those required for soft rubber cures, For example at 155°C). a cure 
of 3-5 hoursis required. The reaction of sulfur with rubber is exothermic, and at these 
high sulfur concentrations this must be taken into account in determining the curing 
conditions to be employed. In general the thicker the article to be cured the lower 
must be the impressed temperature in order to prevent the development of excessive 
temperatures tm the center of the material with consequent blowing and porosity. 
And since low temperatures require more time, cures of 20 hours or more are not un- 
common for thick articles. 

Also during the rubber-sulfur reaction a reduction in volume occurs which for au 
unfilled composition amounts to about 5.5%. Because of this, the density of the final 
vuleanizate is higher than would be calculated from the components of the mix. 
This change in volume is frequently objectionable since it makes the control of dimen- 
sions difficult, and in molded articles produces unsightly shrinkage marks on the article. 

To overcome at least part of the objectionable features of the exothermic reaction 
aud the shrinkage during cure, it is common practice to use relatively high proportions 
of hard-rubber dust asa component of the mix. The dust may be obtained by grinding 
hard-rubber serap or may be manufactured specifically for this purpose. The virtues 
of hard-rubber dust as a compounding ingredient -are that it improves processing, 
reduces the shrinkage, and at the same time reduces the magnitude of the exothermic 
effect. Its use results i vuleanizates of excellent quality, hardly distinguishable from 
those containing no hard-ruhber dust. 

To accelerate the cure, oxides of calcium and magnesium are frequently usde. 
Zine oxide is avoided since its use produces brittle vuleanizates. Organic accelerators 
may also be used to speed the cure further. The most effective of these are the alde- 
hyde-amines and the guanidines. As in soft-rubber compounding a variety of pig- 
ments and softeners are used. With the exception of the beneficial effect that pigments 
have in raising the softening temperature, the use of pigments does not enhance the 
physical properties of the vulcanizate but is useful in assisting processing and in re- 
ducing costs. Carbon blacks are generally avoided because they produce brittleness 
and because they adversely affect the electrical properties. Other pigments also re- 
duce toughness, but not so seriously as the blacks. The most popular pigments are 
clays, ashestos, whitings, barytes, and related materials. 

Normally a rubber-sulfur hard rubber is black in eolor, although a thin film is 
brown. For some applications, particularly dentures, flesh colors are required. 
These may be obtained by using a white background pigment such as lithopone, zine 
sulfide, or titanium dioxide, together with coloring pigments such as the sulfides of 
mereury, cadmium, or antimony. 

Many of the softeners used in soft-rubber compounding cannot be used in hard- 
tubber compounding because the reduction in solubility of the softener in the mixture 
resulting from the high state of vulcanization causes the softener to exude from the 
article. Frequently oils such as linseed or soybean oils are used which will react with 
sulfur during the cure to give solid materials which will not bloom. Other materials 
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used us processing aids include factices (see Vol. 5, p. 297), mineral rubber (blown as- 
phalt), resins, petroleum oils, petrolatum, and waxes. 

Natural rubber and GR-S are the principal polymers used for making hard- 
rubber materials, although the nitrile rubbers are also used to some extent, There 
are only minor differences in the properties of the three types of hard rubber thus ob- 
tained. The GR-S and nitrile hard rubbers are geuerally somewhat inferior to natu- 
ral hard rubbers in toughness and impact strength, but they have the advantage 
of a higher softening temperature. The nitrile rubbers are excellent in this respect. 

The physical properties of greatest interest in the development of hard rubber 
materials are the following: tensile strength and elongation at break, flexural strength, 
impact strength, electrical properties, softening temperature, and stability on aging in 
air at clevated temperatures and in aging in light. 

Some typical applications for hard rubber include: to handle corrosive chemicals 
—pipe and fittings, pumps, and tank linings; hard-rubber base for rolls and industrial 
solid tires, to provide a means of adhering the soft rubber to the metal core; sheet, 
rod, and tubing for clectrical insulating purposes; storage battery cases; dentures; 
grinding wheels, in which hard rubber is used to bond the abrasive particles; bowling 
halls; combs; fittings for drug sundries, 


LATEX COMPOUNDING 


The compounding of rubber Jatex differs from that of dry rubher mainly hecause 
of their differences in physical state. Natural rubber latex is a milky liquid obtained 
from certain trees, and plants of which the only one of great; commercial importance is 
the Hevea brasiliensis tree. The latex is a water suspeusion or dispersion of negatively 
charged microscopic rubber particles containing, among other materials, water- 
soluble surface-active protective colloids. Tor dry rubber compounding discussed in 
previous sections of this article, the latex is coagulated, dried, and used in the solid dry 
state. Latex compounding, on the other ltand, is done in the liquid state, ancl the com- 
pounded liquid latex is used direetly to produce commercial articles without first con- 
verting to a solid. For such use, the latex is usually concentrated to about 60% 
solids by one of several methods, the most common of which are centrifuging and 
creaming. As with dry rubber, the majority of uses of latex reqitire modification of 
the latex by addition of vuleanizing agents and other ingredients. The only oxcep- 
tions are a few adhesives in which latex is used without modification by compounding. 

The general principles of latex compounding are similar to those in dry rubber 
compounding. ‘The following discussion of them is concerned mainly with pointing 
out divergences due to the differences in physical state mentioned above. Since 
compounding of latex is done in the liquid state, it completely dispenses with the mill- 
ing or Banbury mixing necessary for dry rubber compounding, On the other hand, 
in order to obtain a homogeneous and stable latex compound, it is necessary that ad- 
ditives which are not water soluble be dispersed or emulsified in water to about the 
particle size range of the latex particles themselves. This imposes certain limitations 
on compounding ingredients in that they must be materials which can readily be dis- 
persed. In this regard, water-soluble materials are advantageous since they can be 
-added directly or in the form of an easily prepared water solution. 

Dispersions to be added to latex must be stable themselves in that they must not 
exhibit excessive separation or settling over a reasonable period and, in addition, must 
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be compatible with latex. As pointed out above, latex particles are negatively charged. 
Au since all the charges are of the same sign, they constitute a stabilizing force as 
they keep the particles apart by repulsion and prevent coalescence or cvagulation. 
Polyvalent positive ions neutralize these negative charges and allow coagulation. 
Therefore, materials which give such ions as Zn?+, Mg?+, or Ca?+ in water must be 
avoided in latex compounds designed to be stable in ase. On the other hand, intro- 
duction of such materials wider controlled conditions to bring about coagulation is 
sonletiines useful. 

There are several limitations on pigmentation of latex in contrast to that of dry 
rubber. As just indicated, materials giving polyvalent positive ions in water solution, 
including 2 number of the loading materials commonly used in dry rubber such as 
calcium carbonate, are avoided or at least limited to relatively lov amounts. Further, 
reinforcing pigments such as the carbon black used in dry rubber compounding have 
litle, Wf any, reinforcing effect in latex, probably because of the much less intimate 
contact obtainable between carbon particles aud rubber particles in latex as contrasted 
with that obtained by the action of a rubber mill ona dry mix. This is aserioug limita- 
tion since 1t makes it virtually impossible to obtain latex compounds which will produce 
articles comparable to tire tread stocks in modulus, tear, and abrasion resistance. 
Sarbon black is therefore used in latex compounding only in small amounts, and only 
for color and nob as a reinforcing material which is its main use in dry rubber com- 
pounding. Heavy pigments such as lead compounds are also usually avoided in latex 
compounding because they settle out rapidly from latex mixes. 

To offset the limitations or difficulties in latex compounding given above, there are 
a number of factors which tend to make latex compounding simpler than dry rubber 
compounding. Since the mixing of latex compounds is accomplished by stirring the 
ingredients into the latex in the form of water solution or dispersions, processing aids 
such as softeners and plasticizers commonly used in dry rubber compounds to reduce 
nerve and to facilitate mill mixing or subsequent operations, such as calendering or 
tubing, ave not necessary and are not used because most of them are dark in color or 
cause discoloration of compounds. Similarly, as mill mixing is not required and the 
frictional heat developed on milling dry compounds is not present, scorching is not 
w problem in latex compounding and retarders are not used. It is possible to process 
latex compounds designed for fast cures at low temperatures by use of ultra-acceler- 
ators and very fast curing Combinations. In fact, some latex compounds can be cured 
simply by allowmg the dried film or article to remain at room temperature for a suffi- 
cient length of time. However, while there is no danger of scorch due to frictional heat 
during milling as with dry rubber, such fast-curing latex compounds do exhibit changes 
referred to: in the latex industry as cure up in the tank when kept in tanks for long 
periods, particularly at high room temperatures and with mechanical agitation. 
Such mixes tend to become viscous and grainy, and deposits, films, or articles made 
from them exhibit poor wet strength and may crack during formation of the deposit 
or article. , 

It is possible to go even farther in the direction of fast: cures by preparation of 
prevuleanized compounds in which, by heating the latex with the curing ingredients, 
the latex particles in the liquid latex compound are vulcanized so that after formation 
of a deposit or article il is necessary merely to dry at low oven or room temperatures to 
obtain products exhibiting properties similar to those. of a conventionally post-cured. 
article, “While the pbysical properties obtainable in such an article are not quite so 
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good as those of an article prepared from a conventional compound and then cured, 
they are adequate for most uses. 

Pure gum latex compounds have generally higher tensile strength than pure 
gum dry rubber compounds because the latter lose some strength in mastication and 
milling. In the case of loaded compounds, however, it is possible to obtain superior 
tensile, tear, and abrasion properties in dry rubber carbon black reinforced com- 
pounds, such as tire tread, compounds, whereas there are no satisfactory reinforcing 
pigments for latex. 

By increasing the amount of sulfur in latex compounds to the range of 30-50 
parts/100 of rubber, latex compounds ean be made froin which very satisfactory hard- 
rubber articles, particularly hard-rabber metal coatings, are obtained. 

Asin the case of many dry rubber compounds, the addition of zinc oxide aids in 
increasing the rate of vuleanization, as well as improving the physical properties and 
aging properties generally. Cure is required in the use of zinc oxide in latex, however, 
because at relatively low pH, Zn®+ ions are formed and tend to destabilize the latex 
compound, and af relatively high pH (due to anunonia) coniplex gine ions ave formed 
which also destabilize latex compounds. It is therefore necessary to adjust the am- 
monia content and to add stabilizers such as fixed alkali, casein, soaps, or surface- 
active agents to prevent viscosity increase and coagulation by the presence of the zine 
oxide. Other metallic oxides, such as litharge and magnesium oxide used in dry com- 
pounds, are not suitable for latex compounding heeause of the instability they induee. 
In addition, lead compounds cause darkening of light-colored stocks and tend. to settle 
out because of their high gravity. 

The more active accelerators, particularly the dithiogarbamates, are used more 
widely in latex compounding than in dry rubber compounding betause (7) scorching 
during processing is not a problem, (2) many articles from latex compounds are light 
in color and it is desirable to keep vulcanizing temperatures low (220°F, or Tess) to 
prevent darkening, and (8) in many processes it is very advantageous from an eco- 
nomic standpoint to reduce the time and temperature of vulcanization as much as pos- 
sible. Dithiocarbamates are particularly suited for prevulcanization of latex in the 
liquid state. The use of fatty acids in latex compounds follows the suine principles as 
in dry rubber and, while natural rubber latex contains some fatty acids or their soaps, 
it is sometimes necessary to add more, usually in the form of a soap. 

Reclaimed rubber, which is very widely used in dry rubber compounding, finds 
relatively little use in latex compounding. In order to use tt, wu dispersion or artificial 
latex must be made by a rather expensive process of milling in ispersing agents, such 
28 SOAPS OF Casein, and water. Some reclaim dispersion is used in latex compounds for 
such things as spread goods, adhesives or fiber binders to reduce cost, but for most 
latex compounds it is not desirable because of the poor physical properties which it 
imparts and the darkening of the compound. 

' Antioxidants are used in latex compounding in a similar manner as in dry rubber 
compounding. Because of the light color of many latex articles, the nondiscoloring 
and nonstaining types of antioxidant are of particular interest. Also since many 
latex articles such as gloves are thin, and parts of them are under some stress, they are 
particularly susceptible to cracking due to ozone. An effective antioxidant for the 
prevention of ozone cracking would be very beneficial to the latex industry. Since 
there is no satisfactory material of this type, waxes which form a protective coating 
by coming to the surface are used in latex compounds as with dry rubber compounds. 
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Synthetic Latexes. Most of the important synthetic rubbers are also available in 
latex form since they are polymerized as water emulsions before being coagulated to 
produce dry rubbers. One notable exception is butyl rubber, which is polymerized 
directly to solids. While water dispersions of this material are available, their colloidal 
properties are poor and they are not suitable for most latex uses. Another type of 
synthetic rubber that is available in latex form but is not suitable for most latex uses 
(particularly dipping processes) because of its large particle size and poor colloidal 
properties is the polysulfide (Thiokol) type. 

Neoprenes. Of the synthetic latexes, the type which can be processed most nearly 
like natural rubber latex and which is most generally adaptable to rubber latex uses is 
the neoprene (chloroprene) type. Neoprene is far superior to natural rubber in oil and 
flame resistance, but the outstanding quality of neoprene latexes is their high wet 
strength, which gives them a decisive advantage over other synthetic latexes, particu- 
larly in making articles by dipping processes. Various neoprene latexes are available, 
the most commouly used at present being 571, 842 A, 601 A, and 735. As in dry rubber 
compounding, neoprenes do not require sulfur or accelerator for vulcanization, but zine 
oxide is generally used to accelerate the cure and improve the properties of the vuleani- 
uate. Usually antioxidants are used to insure the best aging properties. The most 
effective one is PBNA, but this material causes discoloration so that in light-colored 
articles a nonstaining type of antioxidant ig used. While sulfur and accelerators are 
not necessary for neoprene latex vulcanization, the trend in recent years has been 
toward their use because of the improved resistance of the vulcanizates to stiffening on 
aging and at low temperatures. 

As in dry compounding, acid acceptors must be incorporated in neoprene latexes, 
because of their wide use in coating cotton fabries and metals, The hydrochloric 
acid formed during service has a particularly destructive effect on coated cotton fabrics 

without adequate protection. The odor atid tendency to darken on aging, particularly 
in sunlight, are disadvantages of neoprene latexes. 

Butadiene-Styrene Polymers. GR-5S latexes have been used in coating and ad- 
hesive compounds and in mixtures with natural rubber latex for foam sponge. They 
have not been very generally useful in dipping compounds because of low wet strength 
and consequent tendency for dipped deposits to crack. Some of the new cold GR-S 
latexes are improved in this respect as well asin physical properties of vuleanizates, 
and it is probable that a satisfactory GR-S latex for dipped articles will be developed. 
GR-5 latexes generally are quite stable mechanically because of the presence of rela- 
tively large amounts of emulsifying and stabilizing agents and they therefore require 
addition of less stabilizer in compounding. 

Relatively poor physical properties of vulcanizates, low wet strength, and objec- 
tionable odor have been disadvantages of GR-S latices, while low cost has been their 
chief advantage. . 

Nitrile Rubbers. The butadiene-acrylonitrile latexes are interesting because of 
their excellent resistance to oils and chemicals, They have been quite widely used in 
coating and impregnating compounds and in adhesives. However, for general latex 
use and particularly in the manufacture of dipped articles, they suffer from the same 
disadvantages as the GR-S latexes. 

Types of Latex Compounds. For comparison with dry rubber compounds, some 
examples of various latex compounds and the physical properties of their vulcanizates 
are given: Table IV gives recipes of four natural rubber latex compounds (including 
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one without vulcanizing agents) and data on tensile strength and elongation of sheets 


made from them, both before and after accelerated laboratory aging. 
of curiug ingredients, accelerator, and antioxidant are shown. 


data ona GR-§ latex compound. Table VI gives data ona 
designed for production of industrial gloves. 
compound, 


TABLE IV. Natural Rubber Recipes. 


The effects 
Table V gives similar 
typical neoprene compound 


Table VII gives data on a nitrile rubber 
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Rubher (from latex) 


























100 100 i] 00 100 
Zine oxide ~~ 2.0 2.0 2.0 
Sulfur — 0.6 0.6 0.6 
Buty] zimate* —_ _ 1.0 1.0 
AgeRite White” — — — 1.0 
Hot air ° oO . a ~ eee a 
cures at Tensile Tensile Tensile Tensile 
200°R,, strength, Elong., strength, long, strength, Ilong., strength, Elone., 
min, Dah % pes. % y.a.L wy pes. a 

5 1615 915 1365 8380 2050 90 2770 1 030 
15 L960 995 1750 OL0) A010 1080 4065 1020 
30 2150 1005 {800 940 4505 1080 4860 990 
60 2010 LOLO 1240 850 4680 1000 4825 1000 

After aging 3 hi. in air bomb at 260°R, at 80 p.s.i, pressure: 

5 Melted Melted 200 735 1860 835 
15 Melted Melted 5380 870 2275 895 
30 Melted Melted 570 835 2168 860 
60 Melted Melted 575 845 2050 870 
* dint: di-a-butyldithiocarbamate. —_ ~ 

NWN’ Dee mapa ie -phenylenediamsine, 
Sour ce: reference (7). 
TABLE V. GR-S Recipe. 
GR-S (from Type 1 WLOX). eee 100 
Aine Oxide... ce ee eee 5.0 
Sulfur... ce eee teen ewes 2.0 
Subsite ee etna 3,0 
Casein... eee eee e eee ge 2.0 
AgeRite White” nee e tenet eens 1.0 
Hot air cures Tensile — ; Elon, — 
at 220°F., min, strength, pai mh 
5 1580 995 
15 2480 640 
30 2340 575 
60 2240 165 

After aging 24 hr, in oven at 250°: 

5 2030 275 
15 2200 330 
30 2270 810 
60 1570 260 





* Dithiocarbamate ty pe accelerator. 
» NN’ re ateatey p-phenylencdiamine. 
Source: reference (8), 
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TABLE VI. Neoprene Recipes. 






































Neoprene (from Type 842 A lates). ...000.0..0.000.. 400 
AinG oxide... eee eens 5.0 
Neowone 8. ees 2.0 
Thiuram Moo... cece eens 1.0 
Tepidone® 2.0... cece eee cee cen 1.0 
Aquarex SMO"... o.oo c ccc cence ce eee eee 3.0 
Aquarex WAQ®. 0.0.) cece eee eee 1.5 
Hard clay... ccc eee cane 10.0 
BRE Black. ee eee eee 5.0 
Parallax! 0c cence ene 3.0 
Webnix (dewebbing agent)... 0.0... 02.00... ..000, As necded 
: ~~ Te nsile ~~ Ellon, ge 
strength, p.s.i. % ; 
No cure 2250 950 
60 min. at 212°R, 2625 930 
30 min. at 250°F, 2700 900 
60 min. at 250°F, 2775 880 
30 min. at 285°R. 3200 870 
60 min. af 285°). 8350 360 
# N-Pheny! 1-naphthylamine. 
» Tetramethy!thiuran: disulfide Chis(dimethylthiocarbamoy)disulfide). 
¢ Water solution of sodium di-n-buty! dithiocarbamate. 
4 Water solution of monosodium salt of sulfated methyl oleate. 
¢ Active ingredient sodium Lorol (a mixture of lauryl and myristy]) sulfate. 
! Petraleum-hased plasticizer, 
Source: reference (4). 
TABLE VII. Hycar Recipe. 
Hycar rubber (from Hyear latex 1552). ..0....00... 100 
ApeRite Stalite’. oo... eee eee 1.0 
SC 2.5 
Héhyl zimate’. 00. ees 0.4 
Hthyl selenae’. 00. ee ees 1.5 
—_ ~~ Tensile —_ ‘long, 
strength, psi. % 
20 min. af 250°F, 805 Over 1000 
40 min, at 250°R, 860 Over 1000 
60 min. at 250°1. 810 Over 1000. 
Aged 24 hr. ab 202°R.: 
20 mrin. at 250°E. y40 "Over 1000 
40 min. af 260°T. 750 Over 1000 ° 
60 min. ab 250°R. 755 Over 1000 


@ Altcylated diphenylamine. 

» Zine diethyldithiocarbamate, 

¢ Selenium diethyldithiccarbamate. 
Source: reference (1). 








PHYSICAL TEST METHODS 
The compounder is interested in knowing what physical properties result from the 
vombination of materials which he specifies in his recipe. Because of the long range 
elasticity of soft-rubber vuleanizates and the various special conditions under which 
they are degraded in use, special test methods have been developed which in many 
respects are unlike those used for metals, wood, and hard plastics. The American 
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Society for Testing Materials through its Committee D-11.on Rubber and Rubber- 
Like Materials is constantly developing and promulgating new and improved methods 
for testing rubber and rubber products. The details of many of the test methods men- 
tioned herein may be obtained from its publications. 

Tests on Unvuleanized Materials. ‘ests on raw rubber or on compounded but 
unvulcanized materials are chiefly concerned with their rheological properties, that is, 
their response to the forces imposed during the operations of mixing, extrusion, and 
calendering. Generally they are utilized as contro] tests of various stages in the fac- 
tory operations to determine batch to batch uniformity of the material being processed; 
to assure that subsequent processing steps will be carried out uniformly. 

The Mooney viscosity test (A.S.T.M. D927-49T) is currently the most widely used 
test for this purpose. In this test a serrated steel rotor is rotated at 2 r-p.m. in the 
rubber confined by two matching dies. ‘The torque required to turn the rotor is indi- 
cated by a dial gauge. The test is generally run at an elevated temperature and the 
viscosity is reported after some specified time of shearing, usually 4 minutes. The 
next most popular test is the parallel plate plastometer (A.8.T.M. D926-47T) method 
in which a small pellet of the material to be tested is placed between a pair of smooth 
plates, a load applied, and the distance between the plates measured after an interval 
of time, for example, 3 or 10 minutes. The distance between the plates Gwhich is the 
height of the specimen and is expressed in thousandths of an inch) multiplied by 100 
is the plasticity number. A higher value, then, denotes a stiffer, more viscous material. 
The test may be run at any desired temperature but is ordinarily run at 70°C, 

Devices are also in use to measure the extrusion characteristics of raw rubber 
(masticated or unmasticated) and unvulcariized mixes. One of these is the Firestone 
extrusion plastometer (5) in which the rubber is extruded through an orifice under 
eontrolled.conditions. The quantity extruded under a prescribed set of conditions is a, 
measure of the extrusion plasticity. Small screw extruders are also used for this pur- 
pose. They have the advantage of resembling full-scale factory extruders but the dis- 
advantage of poorer control of pressures and temperaturcs. In one widely used test 
the die is of triangular shape and the extruded strip is examined for smoothness, 
sharpness of corners, etc. See also Rheology; Viscometry. 

Tests on Vulcanizates. There are two types of tests for vulcanizates, In the 
first type, the tests are run either on specimens especially molded for the purpose or on 
specimens cut from a finished product. In the second type, the tests are rm on the 
product itself either in actual service or in machines designed to simulate or exaggerate 
conditions. The following discussion applies only to tests of the first type. 

Lension Tesis. Without doubt the most important and most used test in the in- 
dustry is the stress-strain test in tension. In the standard test,-the specimen is of a - 
dumbbell shape cut from a sheet with die C as described in A.S.T.M. D41249'T and 
approximately 0.075 in. thick. The test is conducted at room temperature and the 
jaws which grip the tab ends of the dumbbell specimens are separated at the rate of 
20 in./minute. By means of suitable devices, the load required to elongate the speci- 
men is recorded for each 100% extension of the restricted portion of the dumbbell, and 
both the elongation at break and the tensile strength at break are recorded. The 
load required to elongate to a specified elongation, for example 300%, is referred to as 
the modulus of the material. 

The values of stress at cach increment of elongation and at break are calculated 
on the basis of the original, unstressed cross section, rather than the actual.cross sec- 
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tion ati the time the measurements aremade. If if is assumed that no change in volume 
oceurs during stretching, it follows that for a conventional tensile strength value of 
3000 p.s.. and an ultimate elongation of 900% the actual stress at break on ‘the cross- 
sectional area at the instant of breaking is: , 


3000 X ((900/100) + 1) = 30,000 psi. 


Nonstandard tests are frequently made with specimens larger or smaller than die 
C or thicker or thinner than 0.075 in. The rate of jaw separation may be varied as 
well as the testing temperature, All these conditions influence the results obtained. 

Accelerated Aging Tests. To determine the stability of vulcanizates to the effects 
of oxidation, a variety of accelerated aging tests are used. The most common of these 
is the Geer oven test, A.S.T.M. D573~48, in which dumbbells cut from the material 
to be tested are exposed to circulating hot air in a suitable oven. The standard test 
temperature is 70°C. although higher temperatures are now commonly employed, 
particularly for the synthetic rubbers. After various time intervals of exposure, for 
example, 2, 7, 14, and 28 days, the stress-strain properties are determined and the 
changes from the original properties noted. 

No precise correlation exists between the effects of exposure to this accelerated 
test and the effects of shelf aging, that is, aging at room temperature in the presence 
of air and in the absence of other deteriorating influences, But itis generally assumed 
that when two materials are being compared im the oven test and one gives results 
better than the other, the same relative difference would also be observed were the tests 
run for along period of time under shelf-aging conclitions. 

Other accelerated aging tests for stability against normal oxidation include the 
oxygen pressure method (A.8.T.M. D572-50) in which the test specimens are sub- 
jected to oxygen under pressure at an elevated temperature (usually 70°C.), the test 
tube method (A.8.T.M. D865-50T) which is similar to the oven method but which elim- 
inates the possibility of contamination of one stock by another, and the air pressure 
test (A.SZLM, D54-50) in which the specimens are aged in air at 80 p.s.i. and at 
260°R, 

Set, Creep, and Hysteresis. No rubber vuleanizate is perfectly elastic, and a 
great many tests are employed to measure the extent to which # material fails to be 
perfectly elastic. These can be grouped into ‘statie or long time tests ancl dynamic 
or short time tests. : a 

Among the static tests are tests of permanent set (in tension or in compression), 
croep, and stress-relaxation. Perhaps the most common of these is the permanent set 
test in compression (A.S.T.M. D395-49T) in which a specimen 0.5 in. thick and 1.129 in. 
in diameter is compressed between flat plates and held wider compression for a’speci- 
tied time at the desired test temperature, alter which the compressing force is released 
and the specimen allowed to recover for a specified period of-time, when the height of 
the specimen is measured and the permanent, unrecovered height noted. This type 
of test is useful in developing materials or predicting the performance of a product 
which is utilized in compressive strain. 

The dynamic group of tests includes rebound tests and free vibration tests either 
at resonance or at a frequency avoiding resonance. The objective in these tests is 
generally to determine the hysteresis or energy lost under the particular conditions 
employed, although the determination of the dynamic stiffness of the material is also 
important. Que of the most widely used of these tests is the free vibration teat with 
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the Yerzley oscillograph (A.8.T.M. D945-49T) whereby the specimen is vibrated 
either in compression or in shear and a damping curve obtained from which the more 
important properties can be caleulated by straightforward methods. Another widely 
used methad is the determination of hysteresis by means of the Goodrich Plexometer 
(method A. of A.S.T.M, 1628-411). In this test a cylindrical specimen 0.75 in. 
diameter X 1 in, high is vibrated at 1800 eyeles/minute tnder controlled conditions 
of load, stroke, and ambient temperature. The temperature rise at the base of the 
specimen is measured and this is constlered «a measure of the hysteresis defect of the 
material under the particular conditions employed. 

Cracking and Crack Growth. A nuraber of test methods deal with the failures of 
rubber products due to the appearance of cracks in the surface of the rubber. When 
rubber is stretched and then held statically, characteristic cracks may appear in a 
direction perpendicular to the direction of the strain. These cracks are due exclusively 
to attack by ozone. To study this phenomenon and to determine the resistance of a 
particular material to cracking, a test method (A.S.T.M, D1149-51T) has been de- 
veloped in which the materialis exposed in astrained condition toair containing a known 
concentration of ozone at some specified temperature. The ozone concentration 
chosen is 25 parts/100 million, which represents a concentration of 5-10 times that nor- 
mally encountered at the earth's surface. 

Oracks similar to those described above appear in products which are flexed, 
and it has been demonstrated that ozone is also involved in this phenomenon. To 
measure the resistance of a material to the initiation of these cracks, the most popular 
test is the. De Mattia test (A.S.T.M. D430-51T), in which a specimen 6in. X Lin. xX 
V4 in. with a half-round groove molded across its center is flexed by bending the speci- 
men 80 that the rubber in the groove is alternately stretched and retracted. The time 
required to produce cracking equal to that indicated by a seb of graded photographs 
indicates the resisiaunce of the material to this type of failure. 

With some materials the initiation of cracks in the above test is slow and erratic, 
but once initiated they grow quite rapidly. To measure the growth of initiated cracks, 
a specimen as used i the initiation test is eut or pierced with 2 sharp tool at the base 
of the groove, ancl the rate of growth of this cut is measured as a function of the num- 
ber of flexures (A.S.'T.M. D8 13-141). 

Low Temperature Tests. As the temperature is lowered, all rubbers become 
stiffer and harder and eventually become glass-hard and brittle. To study these effeets 
a number of test methods are in use. 

The Gehman torsional tes6 (AS.T.M. D1L058-49T) is perhaps the most widely 
used method to determine the change in stiffuess with a lowering of the temperature. 
In this test the specimen, about 0.125 in. X 0.075 im. & 1.625 in., is connected in series 
with calibrated torsion wire. At the desired test temperature, the top end of the 
torsion Wire is twisted through 180°, and this twist is distributed between the wire 
and the test specimen, depending on the stiffness of the two elements. The twist of the 
rubber specimen is then noted, and this value, as obtained at various temperatures, 
is plotted versus temperature. From the curve so obtained, the temperature at which 
the stiffness of the rubber becomes twice, five times, ten times, etc., its value at room 
temperature may be determimed. 

The brittleness temperature is generally defiued as the highest temperature in a 
series of test temperatures at which a specimen fractures on sudden impact. For a. 
particular material, this temperature depends on the geometry of the specimen and 
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apparatus and on the speed of impact. In AS.T.M. D746-44T, the specimen is 
0.075 in. thick and is mounted as a cantilever beam with a prescribed clearance be- 
tween the striker and the grip and a prescribed radius of the striker. The striker speed 
at the time of impact is required to be 6.5 + 0.5 ft./sec. The brittleness temperature 
of a rubber may vary widely, from 0°C. to —80°C., depending on the polymer used 
and how itis compounded. ; 

Afiscellaneous Tests. A large number of instruments are in use for measuring the 
hardness of vuleanized rubbers. The objective here is to obtain a measure of the elas- 
tic modulus of the material under conditions of small strain. Since most rubber prod- 
ucts In use are subjected to relatively small strains, this property is one which is 
closely related to product performance. Nearly all instruments in use measure the 
penetration of an indentor under either a dead weight or a spring load, The one which 
most nearly approaches a standard for the industry is the Shore type A durometer, 
a spring loaded instrument with a scale reading from 0 (infinitely soft) to 100 (gluss- 
hard). 

Because abrasion resistance is a property involved in many applications of rubher, 
various test methods are in use which make an attempt at its measurement. None 
of these have been uniformly successful, probably for the reason that abrasion resist- 
ance is not a fundamental property, but one to which various other properties inake 
contributions in varying degrees, depending on the nature of the service, The most 
popular of the laboratory tests is the Williams or Du Pont method (method A. of 
AS.T.M. D394-47), in which a pair of specimens mounterl on a bar are pressed agaist 
a rotating disk of abrasive paper. The work expended in abrading away a certain 
volume of the specimen may be caleulated. Within certain very narrow linits, re- 
sults obtained on this machine will correlate with tire tread wear results in service. 
However, outside these limits, the test will give misleading results. 

Tests of the effects of oils and solvents are important for may applications in- 
volving exposure of the product to these materials. For these purposes, standard 
methods as described in A.S.T.M. D471-52T are available. Other tests which are 
commonly employed include chemical analyses (to identify the polymer used in a pred- 
uct. or to determine the kind and amount of loading pigments, softeners, vulcanizing 
ageuts, elc.), permeability tests of rubber to gases and liquids, tear tests, tests of stress- 
strain in compression, adhesion tests for multicomponent systems, discoloration tests 
for Hght colored materials, and staining tests for the effect of rubbers on various 
finishes. 


SELECTION OF RUBBERS FOR SPECIFIC APPLICATION 


The selection of the type of rubber to be used in a particular product depends on 
the technical requirements of the product, the properties attainable by compounding, 
and the economic situation. By far the largest. volume of rubber is used in the manu- 
facture of pneumatic tires for passenger cay, truck, airplane, aud farm implement uses. 
Currently the only polymers used for these applications are natural rubber and various 
grades of GR-8. For inner tubes both natural rubber and butyl (GR-D are used. 
The essential requirements for the tread of a typical passenger car tire include the fol- 
lowing: 

"Resistance to abrasion and to the closely related phenomena of cutting and chipping. 


Resistance to cracking and to crack growth. 
Adequate Hexibility at the lowest temperatures encountered in service. 
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A sufficiently high coefficient of friction between the tread and the road to minimize slipping and 
skidding, 

Adequate adhesion of the tread to the carcass. 

Sufficient stability of the material with time so that excessive deterioration docs not oecur in 
the normal life of the tire. 

A moderate hysteresis so that excessive temperatures re nat developed in service, 


experience has shown that both natural rubber and various GR-S grades when 
compounded with approximately 50 parts of fine carbon black (HAF, EPC or finer), 
vuleanized with a suitable system and adeqnatcly stabilized, provide the above re- 
quirements. 

Of the other polymers, neoprene is not used because it is too costly, has unfavor- 
able low-temperature properties, and would be difficult to adhere to a carcass made 
from another rubber. Up to the present, butyl (GR-D) has not been able to meet the 
abrasion or hysteresis requirements. It also would give difficulty in adhesion to a 
carcass made from another rubber. The nitrile rubbers are too costly and have poor 
low-temperature flexibility. The silicones, polyacrylate rubbers, and Thiokols would 
uot be considered for a variety of reasons, inchicing high cost and inadequate abrasion 
resistance. 

The choice between GR-S and natural rubber is largely ouc of economics, although 
at various times in the past, it has also been delermined hy government policy. It is 
generally conceded that cold GR-S performs somewhat better with respect to abrasion 
resistance than does natural rubber. However, it is somewhat poorer i hysteresis 
and appreciably poorer in resistance to cut growth. There are other slight advantages 
and disadvantages for each of these two rubbers, but it is unlikely that any of these 
minor factors would influence the choice of one rubber over the other when both are 
available at the same price. For heavy-duty truck and bus tires natural rubber is 
preferred berause of its lower hysteresis, better properties at the elevated temperatures 
encountered in this service, and better resistance to crack growth. A similar analysis 
of the function of the rubber used between the carcass plies leads to the conclusion that 
GR-S may be used competitively with natural rubber in the smallest passenger car 
sizes, but for the larger sizes and for truck and bus tires natural rnbber is substantially 
better. 

Tor inner tubes, natural rubber aud butyl (GR-I) compete, with the advantage 
in favor of butyl for sizes wp to about 12:00 because of its lower permeability to air, 
but in favor of natural rubber in the larger sizes because of processing advantages. 
Inner tubes for airplane tires are made from natural rubber because the high tempera- 
tures developed in braking cause excessive growth of butyl tubes. (The growth of 
inner tubes is an increase in size, acconpanicd by a decrease in thickness, resulting from 
flexing and exposure to elevated temperature. Because they are confined in the tire 
casing, this increase in size can only be accommodated by wrinkling or folding which 
contributes to early failure.) GR-S is not satisfactory for this application because of 
its poorer physical propertics when compounded for this service, which requires a 
soft, highly extensible stock with good tear resistance. 

Tn the thousands of other products made from rubber, the choice of polymer de- 
pends, as in the case of tires, on the properties which can be developed by compounding, 
on the requirements of the service, and on the cost of the polymer. In products which 
require a soft, flexible, resilient, highly extensible rubber, such ag for stationers’ bands 
or golf ball thread, no synthetic polymer performs as well as natural rubber. The 
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second choice for such applications would be neoprene. For products of low to moder- 
ate quality, in which high proportions of reclaimed rubber may be used, such as heels, 
soles, garden hose and mats, GR-S and natural rubber are competitive. For applica~ 
tions requiring excellent resistance to ozone cracking, neoprene, butyl, or Thiokol 
may be used, the choice depending on what other properties are required by the service. 

When oil resistance is a desired quality for special grades of hose, packing, heels 
and soles, conveyor belts, diaphragms, anc many other products, it is necessary to 
employ polymers other than natural rubber or GR-8. The choice of polymer in these 
applications depends upon the kind of oil involved, the degree of oil resistance desired, 
and whatever other physical properties may be required by the service. The poly- 
mers to be considered are the neoprenes, the uitrile rubbers, the acrylate rubbers, and. 
the Thiokols. It is an unfortunate fact that good oil resistance and poor low-tempera- 
ture flexibility go together, so that in many applications it is necessary to effect a 
compromise between the tivo properties. 

For extreme heat resistance, the silicone rubbers are by far the best, but unfor- 
tunately most of their other physical properties are relatively poor. Next best heat 
resisters are the acrylate rubbers, with the nitrile rubbers, the neoprenes, and butyls 
next. For low-temperature flexibility, certain of the silicones are by far the hest, fol- 
lowed by polybutadiene, natural rubber, and GR-S. 

Tt should be emphasized that all the properties mentioned above may be moclified, 
sometimes over wide ranges, by the compounding technique employed and that in 
nearly all applications more than one property is of importance in the service. For 
example, a hose line used in an aircraft for conducting lubricating oil might be required 
to be flexible at the lowest temperature encountered on the ground, for example, 
—65°R., but while in flight i would be required to handle the oil at a temperature of 
300°F. Whereas silicone rubbers would fulfil part of the requirements for this hose 
line because of their good low-temperature flexibility and good high-temperature re- 
sistance, they have inadequate oil resistance to perform satisfactorily. The hest choice 
for this application at the present time would. be a nitrile rubber polymer with as low 
acrylonitrile content as can be tolerated to mect the oil-resisting requirement, ane 
compounded to give the maximum heat resistance. 

In Table VIII a general rating of the various polymers is shown with respect to 
certain of the important properties of their vulcanizates. This can be only an approxi- 
mate rating since compounding techniques will vary each property and for most of the 
polymers various grades are available with varying properties. Also, in some cases, it 
may niot be possible to combine the best performance in two or more properties in a 
single compound. For example, the excellent abrasion resistance indicated for nat- 
ural rubber is obtained in a carbon black remforeed compound, whereas the best 
hysteresis properties are obtained in a gum stock. 


Fabrication 


The final result of the compounding considerations outlined in the previous pages 
is a recipe prescribing definite proportions of rubber, pigments, softeners, vulcanizing 
agents, and certain accessory materials. To make a product requires that these ma- 
terials be compounded (that. is, weighed), mixed, formed, and vulcanized. 

In some instances, certain of the materials require a pretreatment before com- 
pounding. For example, it may be necessary to dry pigments, to remove excess 
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moisture, or +0 pass them through bolting cloth to assure adequate fineness and ab- 
sence of lumps; or the rubber may require some processing such as washing to remove 
foreign material, or ti may need a mastication (premastication) to make the rubber 
more adaptable to subsequent processing steps. 


MASTICATION 
Probably the most important of these preliminary steps is the mastication of the 
rubber. Crude natural rubber as received from the plantation is high in viscosity 
and for most uses it is found advantageous to lower its viscosity prior to the mixing 
operation. This is accomplished either on a roll mill, in an internal mixer, or in a screw 
plasticator. . 














ae 





Courtesy The B. F, Goodrich Company, 


Fig. 7. Two-roll mixing mill. 


The roll mill as shown in Figure 7 consists of two parallel, horizontal rolls rotating 
in opposite directions, so that material fed to them will be pulled through the nip 
and thus worked. Usually the back roll rotates faster than the front roll by a ratio 
between 1.1/1.0 and 1.5/1.0. The nip width may be varied at will by the operator 
since the position of the front roll with respect to the back roll is adjustable. Cold or 
hot water, or steam, may be circulated through the rolls, which are hollow, and in this 
way the desired temperature of operation may bemaintained. For masticating rubber, 
the rolls are maiutained at a low temperature, and the crude rubber is thrown on the 
rolls and allowed to pass through the nip several times. After several passes, the rub- 
ber will form a sufficiently coherent band; it thus can be made to cling to the front 
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roll and be fed back into the nip. Itis then allowed to work for a specified time with 
frequent cutting back and forth by the operator, to insure blending and to permit the 
rubber in the bank directly over the nip to pass through the nip. 

The cutting back and forth is accomplished by cutting the sheet on the mill with a 
sharp knife, starting at one end of the roll and rolling the sheet on itself until the cut 
has progressed at least 3q of the distance across the roll. See Figure 7, The roll of 
rubber obtained is then permitted to drop into the bank and the process is repeated 
from the other eud of the voll. At the end of the prescribed time of mastication, the 
rubber is cut off in large sheets and cooled prior to piling on skids. 





Courtesy Farrel-Birmingham Company., Ine. 


Fig. 8. Cutaway view of Banbury mixer. 


In Figure 8 is shown a cutaway view of » Banbury dnéernal mixer illustrating the 
drive mechanism and a, portion of the mixing chamber. See also Vol. 9, p. 165. 
The mixing blades are not of uniform cross section throughout their length, but are 
designed to force the material endwise alternately in both directions to accomplish 
thorough blending. The two rotors are driven at different speeds. Water or steam 
may be circulated through the hollow rotors, and since the shell is jacketed, cooling 
or heating may be agscomplished. In this device the rubber is charged directly into 
the mixing chamber, the ram is lowered to exert, pressure on the charge, and mastication 
proceeds for the prescribed time. Following the mastication period, the rubber is 
discharged through a door in the bottom of the mixer onto a two-roll mill which permits 
sheeting the rubber out, 

The Gordon Plasticator is designed specifically for the premastication step.’ It 
is a large screw machine, so designed that the rubber which is fed into the hopper is 
carried through the machine by the screw, masticated in the process, and extruded in 
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the form of a cyliider which is split by a knife and opened up to give a continuous 
ribbon which is then cooled, cut in short lengths, and piled on skids. The screw in the 
plasticator is hollow for circulation of water or steam, aud the cylinder is jacketed for 
the same purpose. When a very soft rabber is desired, two or more passes through the 
machine may be made. 

In masticating mbber in an internal mixer or in a plasticator, a chemical plasti- 
cizer may be added to hasten the process. These plasticizers function best at the ele- 
vated temperatures developed in these two processes and therefore are not used for 
the low-temperature open mill operation. In all three of these mastication operations, 
it is generally advantageous to blend several lots of rubber from different shipments of 
the same grade or from grades of similar quality in order to minimize differences that 
occur for a variety of reasons. 

GR-S is normally made to an appreciable lower viscosity than natural rubber. 
Bome manufacturers prefer to use it directly without premastication, whereas others 
prefer to soften it by one of the three methods described. GR-I (lutyl), the nitrile 
rubbers, and the neoprenes are not normally premasticated. 


MIAING 


The mixing operation is one of the most important stages through which the com- 
position must pass. The processing steps subsequent to mixing depend on an ade- 
quate and uniform mix, and the quality of the final product is directly affected by the 
kind of mixing that was done. 

The primary objectives in the mixing operation are to: (1) Attam a uniform blend 
of all the constituents of the mix. Jfach portion of the resulting batch will then be of 
uniform composition. (2) Attain an adequate dispersion of the pigments, that is, 
avoid lumps or agglomerates of the pigments. (3) Produce consecutive batches which 
are uniform both in degree of dispersion and viscosity. Subsequent operations can 
then be carried on smoothly. 

All mixing operations at the present time are batch operations. The first step 
is to weigh the ingredients prescribed by the recipe. The size of the batch will vary 
according to the capacity of the mixing equipment and the character of the batch, 
For an 84 in. mill (24~26 in. diameter rolls) the batch size may vary from 150-300 lb. 
whereas for the largest, internal mixers the batch size may be 1000 lb. or more. 

For each composition a mixing procedure is worked out to fit the requirements of 
the composition and the mixing equipment. For one which is simple and on which 
experience should give a good indication of the procedure to be used, it is possible to 
predict within fairly narrow limits what the optimum procedure should be. Yor more 
complicated compositions, some study involving a number of trial mixes might be 
required to evolve the most satisfactory procedure. 

Below are given typical mixing procedures for both an open 84 in. mill and a No. 27 
Banbury for the following natural rubber composition: 





Smoked sheets (previously masticated 15 min. on cold mill),........... 100 
Zine oxide... 0... eee eee eee ween ee eee teeter eee 5 
Stearic acid... ee ee tte eee eee eens 1.5 
SRE black. .... ce ce eee ee tte cere ee ee ens 50 
Petroleum softener... 0. ee ee ete tenner eens 5 
MB... ee ccc ee eb ee ence crete 0.6 
BST0 0900 0 Gran 3 
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Mill Mixing. Tor an 84 in. mill (24 in. diameter rolls) the batch size is 200 Ib. 
The mill is set to 14 in. nip width and cooling water is circulated through the rolls 
during the mixing procedure. The rubber is added to the mill and after several passes 
it will sheet out well enough to cling to the front roll and be fed hack into the nip 
continuously. The rubber is then cut back and forth twice to insure blending and to 
allow the rubber which is in the bank to go through the nip. The zine oxide, PBNA, 
stearic acid, and MBT are then added. The rubber is then cut back and forth twice 
to distribute these materials through the batch. By this time approximately 8 minutes 
will have elapsed. 

The mill is opened slightly and the black and oil added slowly and alternately to 
the mill. This results in a higher concentration of black in that portion of the rubber 
near the center of the mill. To prevent excessive loading at the center, strips of rnbber 
are cut from the ends of the rolls several times during this operation and thrown into 
the bank. When all the black is in and no free black is visible, the rubber is cut back 
and forth twice, The black and. oil incorporation will require about 11 minutes, 
making the total elapsed time 19 minutes. 

Siuce the total voluine of the batch has been appreciahly increased. by the addi- 
tion of the black and oil, the bank is now larger than at the beginning of the mix, A 
portion of the batch is cut off to reduce the bank to a size which is active, that: is, 
small enough so that it will roll around and not remain stationary, The sulfur is 
then added and worked in, this operation requirmg about 3 minutes. The material 
which was cut outis then added and the batch cut back and forth six times each way to 
insure thorough blending. The batch is then eut off by the operator in sheets approxi- 
mately 8 ft. & 8 ft. and either dipped m water contaming soapstone (tale) in suspension 
and then hung up to dry and cool, or thrown on sereen covered racks to cool, after 
which the sheets are dusted with soapstone and piled on a skid. This operation will 
require about § minutes, making a total time for the batch of 380 minutes. 

Banbury Mixing. For a No, 27 Banbury mix, it is generally advantageous to 
prepare masterbatches of rubber with oue or other of the minor ingredients for more 
convenient addition. Tn this instance masterbatches of the sulfur and rubber, MBT 
and rubber, ancl PBNA and rubber are prepared in advance, usually by open mill 
mixing. The batch size for this nixis 1000 lb. Water is circulated through the rotors 
and jacket. The timing clock is set at 0 time and the rubber aud PBNA masterbatch 
charged. ‘The ram is lowered and mastication proceeds for 214 mhiutes. The ram is 
raised and the carbon black and zine oxide charged, The ram is lowered and mixing 
proceeds for 2!3 mites. The ram is raised and the oil and stearic acid added. The 
ram. is lowered and mixing proceeds for 2 minutes. The batch is then dumped, a 
procedure which requires about 1 mmute, making a total time of 8 minutes, 

For handling the batch from the Banbury, a variety of arrangements may be 
used, including mills which automatically blend the stock and batch it off automatically 
to a conveyor system. which cools the stock and then piles it on skids. The simplest 
arrangement consists of three sheeting out mills, of which the center one is located 
directly under the Banbury. The batch is divided into three equal parts, one for each 
mill, and to each portion is added its quota of sulfur masterbatch and MBT master- 
bateb. The stock on each mill is cut back and forth six times and batched off as for an 
open mill mix. The length of time permitted for dividing the batch, adding the 
masterbatches, blending and batching off, cannot exceed 8 minutes since the next 
batch will be dumped from the Banbury 8 minutes after the first one. 
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Different manufactures have different preferences as to the order of addition of the 
ingredients and not all would agree that the procedures described above were the best. 
Also, the procedures will vary greatly for different compositions aud for different types 
of equipment. Since thousands of different compositions are in use, the wamber of 
mixing procedures also number in the thousands. 

The attatument of the first objective of mixing, that of uniform blending of all 
materials, is effected on the roll mill by cutting the batch back andforth. In the Ban- 
bury, the blending is accomplished by the action of the rotors plus the subsequent 
sheeting out operation. 

The second objective, that of a good dispersion of the pigment, is accomplished 
in both methods by subjecting the rubber and pigment to high shearing forces. In the 
open mill tis is done by the differential in surface speed of the rolls and by the shearing 
forces imposed between the moving rolls and the stationary bank, whereas in the Ban- 
bury it is done by smearing the rubber and pigment between the rotor and the case. 
The attainment of a good dispersion, particularly of the finer blacks, is probably the 
most difficult of these objectives to attain, Generally, the best dispersions of carhon 
blacks are obtained when the pigment is added to rubber which is relatively tough and 
viscous, and yet not so tough as to cause crumbling in an internal mixer or to produce 
roughness or holes in the sheet on aroll mill. Onaroll mill, the band of rubber should 
be free from holes, the black should be added eveuly and near the center of the mill, 
the bank size should be small, and rolling and cutting of the rubber should not be done 
while dry black is visible in the bank. Finally, resinous softeners should not be added 
with the black, either on a roll mill ov in a Banbury. 

The third objective, that of attaining uniformity of viscosity from batch to batch 
of the same composition, is promoted primarily by controlling those factors which 
influence the brealkclown of the rubber which occurs during mixing. ‘These factors are 
time, temperature, and (in the case of roll mills) the setting of the nip width. 


FORMING 


For the fahrication of most rubber products, the mixed stock must be formed in 
some way to prepare it for vulcanization. In some instances, the stock slabs as ob- 
tained from the mixing mills may not require any further processing other than to 
cut disks or rectangular pieces from the slubs which are then suitable for charging into a 
mold. In most cases, however, the mixed stock must be processed into a form suit- 
able for further fabrication, ‘The most important of these processes are calendering 
and extrusion. Of less importance is the making of cements. 

Calendering. In calendering, the material may be formed into relatively thin 
sheets, coated on fabric, or wiped into the fabric (frictioning). The simplest calender 
consists of three parallel rolls arranged one over the other as illustrated in Figure 9. 
The openings betiveen the rolls are adjustable. The rolls are hollow and may be heated 
ot cooled and driven at; varying speeds. Also, the speeds of the top and bottom rolls 
may be made the same as the middle roll or slower. 

In most cases, the preparation of sheeted material involves building up multiple 
thin layers. For example, eight or ten plies of a gum natural rubber stock may be 
used to build up a final thickness of 1g in. Figure 10 shows schematically one arrange- 
ment by which this is accomplished. ‘Thin layers are employed for the reason that the 
presence of blisters or other defects in the calendered sheet are minimized in this way. 
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In general, the greater the pigmentation of the rubber the thicker the individual plies 
can be made. 
Tn rubberizing fabric by frictioning, the fabric is fed hetween the tavo bottom rolls 





Courtesy The B. F. Goodrich Company. 


Fig. 9. Three-roll calender, 
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Fig. 10, Diagram of three-roll calender showing method of plying while sheeting. 
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in contact with the bottom roll; the middle roll runs faster than the bottom roll, thus 
wiping the rubber which is stuck to the middle roll into the fabric. In coating fabric, 
the operation is essentially like calendeving sheets except that the layer of rubber is 
squeezed between the two bottom rolls to attach the rubber to the fabric. Usually 
the fabric is frictioned prior to coating. 

Four-roll calenders are in use on which tivo plies of rubber may be formed simul- 
taneously and then squeezed together, or on which fabric may be coated on both sides 
In one operation. 

For all calendering operations, it is necessary to adjust the temperatures, speeds, 
and speed ratios of the rolls according to the characteristics of the compositions being 
handled, and the operation being performed. Roll temperatures are usually in the 
range between room. temperature and 200°!. Generally, the best temperature condi- 
tious for sheeting are in the range between the lowest tempcrature at which surface 





Fig. 12, Typical extruded shapes. 


irregularities called cold checks no longer occur, and the temperature at which excessive 
sticking occurs. For frictioning, the temperature of the middle roll must be suffi- 
ciently high (approx. 200-250 °F.) so that the stock sticks to the roll surface. 

Tn all cases, for best performance, the stock being processed must be broken clown 
on a warm-up rill (essentially a two-roll mill), and portions of the warmed stock fed 
regularly into the calender bank. 

Extrusion. An extruder consists essentially of a power-driven screw rotating In a 
stationary cylinder. A hopper for feeding the previously warmed stock is located 
near the driven end of the screw and a head is provided on the cylinder at the end of the 
screw, to which may be adapted a variety of dies shaped to produce the desired cross 
section. The cylinder is jacketed for temperature control, and for the larger sized 
screws, the central section is bored for the sume purpose. Figure 11 shows a cross 
section of a typical machine without the head and die arrangement. 

Figure 12 shows a variety of shapes which may be produced hy extrusion. Be- 
cause of the considerable elastic component of compounded rubbers in the unvul- 
canized state, an appreciable expansion occurs when the material is forced through a 
die. Thus the opening in the die is much smaller than the corresponding dimension 
of the extruded part. Since the swell at the die varies with the composition of the 


material being extruded, the die must be tailored to fit the properties of the particular 
composition which is to be used. 
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When it is intended to employ the composition as insulation on a wire or as a cover 
on a previously prepared hose carcass, a side delivery head is used. In this case, the 
wire or hose carcass is fed through the head in a direction perpendicular to the axis 
of the extruder screw, The head is designed so that the composition is deflected 90° 
and completely surrounds the wire or hose carcass, A suitable die on the exit side con- 
trols the dimension of the part as tt issues from the head. 

Rubber Cements. By making a solution of the mixed composition in an organic — 
solvent, certain forming operations are readily accomplished. For example, if it is 
desired to apply a coat of the material on fabric of a thickness less than can be applied 
hy calendering, it can be done by spreading a layer of cement of a suitable consistency. 


Bank of cement 
“ _ Cement knife 


Static discharge 
Stati¢e discharge roll - to ground " 



















Steam Heated Radiators 


Wind -up 








a 


: Static discharge 
Fabric to C steam coils 


be treated 
Fig. 13. Spreading machine for cements. 


This is one of the oldest operations in the rubber industry and was in use even before 
the discovery of vuleanization in 1839. The famous Macintosh was waterproofed by 
this means. 

Figure 13 shows diagrammatically a typical spreading arrangement. The cement 
or dough may be made of any desired consistency to deposit a film of the required 
thickness. Usually multiple layers are applied. Products include hospital sheeting, 
balloon fabric, life rafts fabric, and printing blankets. 

In addition to these applications, cements are quite widely used in fabrication 
operations where it is necessary to build a composite structure of several elements which 
must be held together by the adhesive properties of the cement until vulcanization 
takes place. Some products, such as nipples and gloves, are still made by the process 
of dipping a form. of the desired shape in the cement, then drying out the solvent, 
thus depositing a film. By successive dips the required thickness may be built up. 
The product is then vulcanized on the form and subsequently stripped off. 

Cements are made by mixing together in churns suitable proportions of the stock 
and a solvent. The proportion of solvent used is determined by its solvent power for 
the stock, the consistency desired in the final cement, and the character of the stock. 

Assembly. Following the forming of the composition by calendering, extrusion, 
or deposition from a cement, some articles may be vulcanized directly without further 
treatment. or example, sheeted material suitable for gasketing, sheet rubber from 
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which thread may be cut after cure, extruded shapes such as tubing, and irregularly 
shaped window strips need no further treatment before vulcanization. 

For other products, assembly steps which may vary from simple to complex may 
he required. As examples, the procedures employed for two typical products are 
outlined helow. A typical tire building operation requires the following materials: 

(2) An extruded section of tread having a suitable contour as illustrated in Figure 14. 

(2) Plies consisting of pick cord fabric or weftless cord fabric coated on both sides with rubber 
by calendering and cut from a long rol at an angle to the direction of the roll length of approximately 
40°, These bius-cut strips are spliced together making # continuous band of the required width. 

(3) Two-head assemblies built up from wire insulated with a hard or semithard rubber compound. 
The bend assembly is wrapped with one or more layers of frietioned aquare woven [nbric. 
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Fig. 14. Tire building. 


The tire is built on a collapsible, rotatable drum. One layer of the bias-cut cord 
is applied, rolled down in contact with the drum, and the ends spliced with an overlap 
equivalent to the width of about two cords. A second layer is applied with the cords 
running at approximately 90° to those of the first ply. The previously assembled 
beads are then applied and the two cord plies on the drum are folded over the bead 
assembly. Two additional plies are then applied as before with the cord direction 
alternating, and their edges are then folded over the bead assembly. ‘The extruded 
tread section, which has been cut to the correct length and made into a band by ce- 
menting the ends together, is then applied and rolled down. <A typical tire building 
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machine is illustrated in Figure 15. At this stage the cross section of the tire is as 
illustrated in Figure 14. To form it into a shape suitable for molding, the preparation 
is lifted in the bagging operation, in which a ewing bag (made of rubher) is inserted 
to give a cross section also shown in Figure 14. The tire is now ready for vuleaniza- 
tion. 

In performing these operations, the property whieh is depended upon to hold the 
component parts m place is the “tack” of the rubber. Tack, in rubber technology, 
is defined as the property of a rubber or compounded stock which causes two layers 
of stock which have been pressed together to adhere so firmly that they cannot be 
pulled apart at any of the areas of contact. Under these same conditions, sticky 
surfaces separate readily. A stock that is sticky tends to stiek to other surfaces with 
which it may come in contact, such as mill rolls and calender rolls, whereas a tacky 
stock does not, 





Courtesy The B. F. Goodrich Company. 


Fig. 15. Tire building machine. 


In general, the synthetic rubbers are less tacky than natural rubber, and GR-8 
i particular is lacking in this property. Those parts of a tire which are made from GR- 
8 are usually cemented with a natural rubber cement to provide the necessary tack 
for building operations. 

The second example is a braided hose structure. This is prepared by extruding 
the material for the inner tube in lengths of approximately 500 ft. and coiling on a 
circular platform. The textile reinforcement is then applied by a braider, which may 
apply one or two layers of cords. . If two layers are applied, an insulating strip of rub- 
ber in the form of a calendered sheet is drawn through the double deck braider and 
applied over the first braid and under the second. The cover is then applied on a side 
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delivery extruder and the cover dusted with mica or a similar material to provide a 
suitable finish to the product. 


VULCANIZATION 

Vuleanization is the term used for any process which converts an essentially plas- 
tic compounded mixture to an ‘essentially elastic state. The term was originally em- 
ployed to denote the process of heating rubber with sulfur, but has now heen ex- 
tended to include any process with any combination of materials which will produce 
this effect. The numerous conditions under which vulcanization can he carried owt 
may be disciissed conveniently under the headings given below: 

Mold Cures. The simplest device for mold curing consists of two plates, the 
matching surfaces of which contain the cavity of the desired shape along with a suitable 
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Fig. 16. Cross section of tire in mold. 


overflow cavity surrounding the main cavity. Heat is supplied by conduction from 
steam heated platens that are forced by hydraulic pressure to close the mold. Suffi- 
cient stock is inserted in the cavity to provide slightly more volume than the volume of 
the cavity. On closing the mold, the excess stock is forced out into the overflow 
cavity, A further flow of stock into the overflow cavity occurs as the stock in the 
cavity expands as the result of heating to the impressed temperature, At the end of 
the cure, the article is removed from the cavity by prying the top plate off the bottom 
plate. On cooling to room temperature, the dimensions of the part decrease as the 
result of thermal contraction. The difference between the dimensions of the part 
and the mold cavity in which it was molded is called the mold shrinkage. It can be 
seen that the primary function of the pressure is to expel the excess stock from the 
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cavity and to keep the mold plates closed. Molds thus must be designed to resist 
relatively high pressures normal to the mold. 

A more complicated case is that of the pneumatic tive, in which a steel mold shapes 
the exterior surface of the tire from bead to bead, and the pressure during cure is 
supplied through a flexible bag acting as a diaphragm applying pressure internally to 
force the uncured tire against the mold surface. Figure 16 shows a cross section of the 
arrangement, Other variations of mold curing include: the use of injection or trans- 
fer molds, in which the material to be vulcanized is forced under pressure into the cavi- 
ties of closed molds; the curing of products of long dimension such as conveyer and 
transmission belts in sections of 25-30 ft. at a time; the curing of long V-belts in sec- 
tions; and the continuous rotary cure, in which the product, such as belting or packing, 
is held in contact with a large heated rotating drum by means of a flexible steel belt. 

The mold material is generally of steel although other materials may be used. 
Tor example, hard rubber or plastic molds may be made from a master steel mold and 
used for many heats before being discarded. 

Steam Cures. In steam cures, the article to be vulcanized is placed in an auto- 
clave and subjected to saturated steam at some specified pressure until the cure is 
complete. In this case, the form of the product is provided during the preparation for 
cure and little if any change of shape occurs during the cure. Some products, for ex- 
ample the extruded shapes illustrated in Figure 12, are merely placed in pans, put in 
the autoclave, aud vuleanized, Sometimes if the shape is such that it would tend to 
collapse during cure, a support of some kind is provided. Hose constructions, consist- 
ing of tube, reinforcement, and cover built on a mandrel, are cloth-wrapped and cured 
in open steain. The purpose of the cloth wrap is to provide pressure on the article 
during the cure. Similarly, tubing without reinforcement is cured in this way. Tank 
linings and rubber-lned ad rubber-covered equipment are usually cured in open steam. 

A special case is the continuous vuleanization of insulated wire, in which the 
covered wire, as if issues from the extruder, passes through a pipe of perhaps 100 ft. 
in length in which steam at high pressures is maintained. The time of passage and 
the curing rate of the composition are regulated to give the required degree of eure by 
the time it exits from the high pressure chamber. 

Hydraulic Cures. Water is sometimes used in place of steam when it is considered 
to be advantageous to vuleanize under higher pressure than the pressure of saturated 
steam at the desired curing temperature. Thus, the pressure of saturated steam cor- 
responding to a temperature of 298°F. is 50 p.s.i. If pressures higher than this are 
desired, water maintained at 298°F. but at some pressure higher than 50 p.s.i, could 
he used. Boiling water at atmospheric pressure is also used for vulcanizing rubber 
linings in tanks that are too large to be vuleanized in a steam autoclave. 

Air Cures. Vuleanization in air, either at atmospheric pressure or at elevated 
pressures, is commonly used for proofed goods and boots and shoes. Air is preferred 
over steam in some cases because it, may be advantageous to avoid moisture during cure, 
or to avoid staining or water spotting of the products, Air is a less satisfactory 
medium for the transfer of heat to a product than steam or water because of its lower 
thermal capacity and poor heat transfer to rubber, For this reason, air vulcanizers are 
generally designed to provide a rapid rate of air circulation and thus avoid dead spots 
in the vuleanizers. , 

Special and Combination Cures. A special case involving a combined mold and 
hydraulic cure is that of hose cured in lead. In this process, the prepared construction 
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is surrounded with a lead wall applied by extrusion of lead through a die. The inside 
surface of the lead casing is given the desired design (usually ribbed) by the die. 

Long lengths of the leaded hose are wound on druns, and fittings are applied to the 
two ends to permit circulation of heated water under pressure. The drum is then 
placed in a steam autoclave aud steam applied externally. Thus, the lead casing is in 
effect. a mold, and pressure to force the hose firmly against the mold is provided by hot . 
water under pressure. Alter the cure, the lead jacket is split and removed. Combina- 
tions of air and steam are occasionally used to overcome the poor thermal character- 
istics of the air cure. By this combination, condensation of water with consequent 
staining and water spotting of the product may be avoided. 

A relatively recent method involving vuleanization tn a high frequency electrical 
field has found some applications. By all the methods previously diseussed, the heat 
for vulcanization is supplied to the surface of the article, and the center portions of a 
thick article are heated by conduction from the staface. Since rubber ts a poor con- 
ductor, thick articles need to be heated for long periods of time in order to attain the 
impressed temperature. This usually means that the outside Jayers receive too 
much cure. In radio frequency heating, the heat is generated throughout the mass so 
that the time ordinarily required for heating the mass by concdlautetion is eliminated. 
There are some difficulties involved in its application which have, to date, limited its 
practical application, One of these is that a surtable noumetal moll musterial is not 
yet available. 


VTABRICATION OF LATEX MIXES 


The first step in latex fabriestion is to bring the compounding ingredients tuto 
solution or dispersion form. In the case of water-soluble materials, it is necessary 
merely to dissolye in water, but most ingredients to be used are not water soluble, and 
it is necessary to emulsify the liquid ingredients und disperse the solid materials in 
water. 

Dispersion or Emulsification. Liquids are emulsified by addition of emulsifying 
agents followed by high-speed agitation or the use of a colloid mill or homogenizer, de- 
pending on how long it must remain emulsified, Tor best results, the nixture is stirred 
to give a rough emulsion and then it is put through a homogenizer which forces the 
liquid through a fine orifice under high pressure (see ’'mulsions). 

Solids are of two general types: (1) those, such as zinc oxide, which ave supplied 
in the form of microscopic particles and merely need to be mixed with water and dis- 
pérsing agents and then deAocculated, so that any agglomerates of particles are sepa- 
rated into their original individual particles; and (2) those, such as sulfur, which re- 
quire actual grinding to smaller particles. Both types may be processed on similar 
equipment, but grinding is a tedious operation and adds considerable time to the 
process, 

The equipment used in dispersing solid materials includes various kinds of ball 
mills, pebble mills, and colloid mills. The recipe for the dispersion, the type of dis- 
persing equipment, and the length of dispersing time vary with the specific material 
and its inteaded use, as well as with the personal preference of the individual com- 
pounder. Generally, it is desirable to keep concentrations of dispersions high to avoid 
dilation of the mix. The following are typical simple recipes and directions for emulsi- 
fying an oil, and for dispersing zinc oxide and sulfur: 
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Oil emnision 


; Minerval ofl... 0... ee eee 70 
Oleic agid. eee, 1.5 

3 Potassium hydroxide................ 1.5 

[Water cee eee ae 27.0 


Adda to } using an agitator such as the Eppenbach Homo-mixer. 
Tf best results, with very small particle size and high emulsion stubility, are de- 
sired, the emulsion should be put: through a homogenizer, 


Sulfur dispersion 


SO a 100 
Darvan Nol 2". .., Dede ee teeta eee bent e ete ene begs 4 
~ Ammonia (as ammonium hydroxide solution), .......... 0.05. 0.5 


Distilled water to 
* Sodium salt of polymerized alkylated arenesulfonic acid, 


Grindin ball mill 96 hours or in pebble mill 48 hours. ‘To prevent settling, 1 part of 
bentonite clay may be added to the recipe. 


Zine oxide 


ZANC OXUIG eae 100 
Darvan No. lf... 00... cee ee eee 3 
Distilled water to.......-.........00. 50% 


* Sodium salt of polymerized alkylated arenesulfonie acid. 


Grind 48 hours in ball mill, 24 hours in pebble mill, or several passes through a colloid 
mill. 

Mixing. The mixing of latex compounds is a simple operation, consisting of 
weighing out the proper amounts of the various solutions, emulsions, or dispersions 
involved, based on the recipe and the concentration of the various dispersions, and then 
stirring these materials into the latex, usually in a large tank equipped with a mechani- 
cal agitator. Or it may be done by hand, stirring the ingredients together in a drum 
hy means of a paddle. On the other hand, in some cases such as the compounding of 
latex for foam sponge, some of the ingredients must be added just prior to or during 
the foaming operation, and in these cases complicated automatic proportioning equip- 
ment is sometimes used. 

Forming, For the production of useful articles from latex eompounds, it is 
necessary to convert them into solids of the desired form. A variety of methods are 
used to accomplish this, 

Drying. The simplest method of getting the latex compound into a solid form is to 
spread it or pour it onto a surface or into a mold and then allow it to dry. This 
method is used for a few applications, including fabric coating, adhesives, and prophylac- 
tics, but its use is limited practically to thin items from which water can readily and 
quickly be removed by evaporation. Thicker articles can be made by a tedious 
multiple dipping process, with drying between dips, but this process is not practical 
for most commercial articles. 

Porous Forms. Another method which accelerates the drying process is that of 
pouring the latex mix onto a porous plate, or dipping a porous form into the mix, 
whereby the water is removed by absorption by the porous form. An adaptation of 
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this method successfully used in toy manufacture is the roto-casting process, in which 
® measured amount of mix is introduced into porous plaster molds that are rotated 
while the absorption of water takes place. After removal from the mold, it is neces- 
sary to dry and cure the article. 

Electrodeposition. An interesting process (11) that was used commercially for a 
time but has been discarded for simpler methods is electrodepasition, a process some- 
what similar to electroplating of metals, in which the form on which the article is to be 
made, or the metal to be coated, is made the anode in a latex compound bath, and a 
direct current is passed through to neutralize the charges on the latex particles and 
deposit the compound on the form (see Electrophoretic deposition). 

Coagulan! Deposition. Tt was found that the same results as those attained by 
electrodeposition could be brought about much more simply and economically by the 
use of chemical coagulants, such as solutions of polyvalent metal salts in place of the 
electric current. Two cifferent forms of this general method were patented, (14) by 
American Anode, Ine. (18), in which a chemical coagulant was placed on the form and 
the form then dipped in the latex compound for a dwell time which determined the 
thickness of the deposit, (@) by U.S. Rubber Company (12), in which the form was 
first dipped in the latex compound and then inte the chemical coagulant to gel it and 
prevent its draining off the form. The basic patents on both of these methods have 
expired. Both methods are used commercially. 

In dipping processes generally, but particularly with the Anode process, it is de- 
sirable to use tanks which cireulate the mix: (/) to keep the surface of the mix clean 
and free from setum or lumps, and (2) to keep the mix composition uniform. This 
creates somewhat of a problem of stability since agitation tends to destabilize and even-~ 
tually coagulate mixes. Therefore, circulating tanks should be designed to minimize 
triction or shear action on the mix, and the compound should be stabilized for mechani- 
sal stability. 

Kaysam Process. Vhe Kaysam process which has been used to some extent 
commercially is somewhat similar to the roto-casting process with porous molds, but 
in this process the compound containing a gelling agent is introduced into metal molds 
and rotated wutil gelling takes place, usually with the application of heat to accelerate 
the gelling, 

Heat-Sensitizing Process, Auother process that has been used. to a limited extent 
involves sensitizing the compound so that it will coagulate. when heated to a certain 
temperature, and then using heated forms or molds to build up the article to the de- 
sired thickness. 

Thread. Although manufacture of latex thread makes use of the general prin- 
ciples and methods described above, it is unique with respect to the details of their 
application. The most widely used method is extrusion of latex compound through 
fine orifices into a coagulant bath which gels the thread, followed by mechanical han- 
dling of the thread through toughening, washing, drying, and curing operations. 

Foam. The production of foam is the largest present use and probably the largest 
potential use of latex. A number of processes are employed, including both mechanical 
and chemical foaming. The most widely used method for relatively small-scale 
production consists in whipping the latex compound to a light foam similar to whipped 
cream, intraducing gelling agents (the most conmon of which is sodium fluosilicate), 
pouring into molds, gelling, curing, washing, and drying. for larger-scale operations, 
the foaming is done continuously in a foamer, into which the right proportions of air 
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and latex compound are fed, and the introduction of gelling agents is done automati- 
cally by proportioning pumps. 

Vulcanization. Vuleanization of articles made from latex compounds generally 
follows the sume principles and methods as those used in vulcanizing articles made 
from dry rubber compounds. However, there are a number of importamt differences. 
The method. of curing articles in a mold by means of a press, so widely used with dry 
rubber teclniques, is not used with latex articles. In latex technology “molding” refers 
to the forming of a hollow article by deposition from latex in a female form shaped to 
impart the desired contours. After drying the deposit, moderately high temperatures 
may be employed for vulcanization but without the application of mechanical pressure. 
Hot air, steam, and hot water cures are widely used in the latex industry, and in recent 
years, electronic curing has been introduced. As already mentioned, fast, low- 
temperature curing, compounds are usually used so that cures at 220°F. or even lower 
temperatures are common. This of course is not true for hard-rubber latex com- 
pounds, which require approximately 300°F. and are usually steam cured. Syuthetic 
latices usually require higher curing temperatures for normal soft compounds. For 
example, neoprene is usually vulcanized at a minimum of 250°F. and often higher. 

Articles made from suitably designed latex compounds can be cured by allowing 
them to remain at room temperature for long periods of time. This technique is 
seldom used (except for latex adhesives) because the properties of articles so made are 
not as good as those articles cured conventionally at higher temperatures, and also 
because the process takes a long time. However, prevuleanized latex compounds 
which are cured in the liquid state are becoming more popular in industry, and articles 
made from them are merely dried or, at raost, given a short cure at a low temperature 
in an oven. 
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RUBBER SOLVENT. Sec Petroleum products, Vol. 10, p. 167. 
RUBIDIUM, Rh. See Alsali metals, Vol. 1, p. 451. 


RUBIDIUM COMPOUNDS 


Rubidium, the fourth member of the group of alkali metals, like cesium the fifth mem- 
ber of the same group (see Vol. 1, p. 458), isa rare element. In the form of various 
salts it is found widely scattered but in small amounts. ‘Besides occurring in the ashes 
of many plants, it is found both in salt Jakes and m many mineral springs throughout 
the world. See also Alkali metals, 

Rubidium was discovered by Bunsen and Kirchhoff in 1860 as a result of both 
their spectroscopic examination of the mineral water from Durkheim and their study of 
the alkalies extracted from lepidolite (ithia mica). They noticed that the chlero- 
platinate precipitate contained a salt whose flame spectrum had two especially promi- 
nent red lines so they suggested, for the uew element, the name rubidinm (Latin rubidus, 
red). The salts of rubidium impart a violet color to the nonluminous flame. The 
spectrum shows two distinguishing lines in the violet, Rbe, 420.2 mu and Rb§, 421.6 
my; two in the red that are more characteristic Rby, 620.7 mu and Rbé 629.9 my; 
and several others in the orange yellow and green. 

No true rubidium mineral has yet been discovered. Many varieties of mica 
(q.v.), especially biotite and lepidolite, carry small amounts of rubidium. Lepidolites 
(lithia micas) have been found containing from tenths to one per cent of rubidium 
oxide equivalent and in recent years a deposit of lepidolite in southwest Africa has been 
reported to contain as high as 8% rubidium oxide. Ruodizite, a complex beryllium 
ahimimum borate, usually carries appreciable amounts of the alkalies sodium and 
potassium with lesser amounts of both rubidium and cesium. Occasionally srnall 
amounts of this ore have been found containing as much as 2-3% rubidium oxide. If 
an appreciable demand for rubidium should arise in the world’s markets, probably it 
could best be met by a more complete recovery of rubidium carnallite, RbMgCh.GH.0, 
one of the by-product values of the Stassfurt salt industry of Europe. 

In 1928, during some assessment worl being done on pegmatite mining claims in 
the Black Hills of South Dakota, some black biotite mica was uncovered in a dyke 
near Custer. It was found in one chunk, pocket-like in formation, and weighed about 
2400 lb. Qualitative examination showed that, all five alkali elements were present, 
namely, lithium, soclitim, potassium, rubidium, and cesium; a quantitative examina- 
tion showed that about 12% of the weight of the ore was present as the equivalent of 
mixed chlorides, mainly sodium and potassium. Subsequently, this ore was factory 


RUBIDIUM COMPOUNDS 947 


processed and the entire cesium and rubidium values in the form of mixed alum, free 
from lithium, sodium, and potassium values, were obtained. Analytical examination 
of the 225 Ib. of mixed rubidium and cesium ahims recovered showed that the original 
ore contained the equivalent of 1.5% cesium oxide and ouly 0.5% rubidium oxide. 
Since that time, many pegmatite dykes of the Black Hills of South Dalcota have been 
opened and developed mainly because of the demand for the high-grade feldspar 
present in that locality, and many samples of black biotite ore have been examined, 
but none has been found to contain much more than a trace of rubidium values. 

Rubidium salts can generally be obtained from the silicate minerals such as the 
biotite and lithia micas by the direct action of boiling aqueous solutions of either hydro- 
chlorie or sulfuric acids on the finely ground mineral. In cases where the mineral is not 
amenable to direct acid attael, and only the alkali values are to be recovered, fusions 
such as the J. LL. Smith method or modifications of it can be carried out (2,6). When 
sulfuric acid 18 used to open the minerals, the concentrations can finally be adjusted so 
that the alums of the alkali metals can be crystallized out, directly, because in most 
cases enough aluminum is present in the mineral to form the alums. The lithium 
values, together with the sodium and potassium alums, are relatively quite soluble and 
are readily separated from the more insoluble rubidium and cesium alums by frac- 
tional crystallization from water. However, it is extremely difficult to separate the 
rubidium and cesium akims completely by fractional crystallization from water, and 
therefore it becomes necessary to convert into other salts when a very high degree of 
purity is required. One of the best methods of separating small amounts of cesium 
from a rubidium salt is to convert to chlorides and adjust to 3 N hydrochloric acid 
concentration (3). Pure fractions of rubidium chloride can then be obtained by the 
addition of successive portions of ethyl alcohol to the hot solution. When hydro- 
chiorie acid is used to open the minerals, the cesium values can be separated from those 
of rabidium by precipitation of the cesium as cesium antimony chloride, 3CsCL28bCh, 
by the use of antimony chloride in bydrochloric acid solution. All other alkali metal 
ions and NITt remain in solution. The use of antimony chloride as a specific reagent 
for the precipitation of cesium salts was first proposed by Godeffroy (1,7). Since there 
are no truly specific reagents for potassium, rubidium, or cesium ions in the presence of 
one another, probably the best way to determine rubidium analytically is to compare 
the spectrum with that of known standards. 

The ordinary salts of rubidium such as the carbonate, chloride, nitrate, and sulfate 
are readily soluble in water and in general resemble the potassium salts. When sub- 
jected to high temperatures, they show marked stability and tend to volatilize without, 
previously dissociating. Salts such as the chloroplatinate, Rb,PtCh, acid tartrate, 
RbHCH1Og, perchlorate, RbC1O,, periodate, Rb10,, and chlorostannate, RbSnCle, 
are comparatively insoluble in water. Rubidium like cesium readily forms stable 
polyhalides such as RbBra, RbBrChk, RbIBre, RbICh, and RbIBrCl (4). 

Rubidium salts at the present time have only a very limited use in. industry. Vari- 
ous rubidium salts such as the chloride, carbonate, and chromate mixed with various re- 
ducing agents have been used in the form of “getter’’ cup charges for the manufacture 
of radio and other low-voltage tubes as well as photoelectric cells. _ This procedure has 
the advantage of depositing the metallic rubidium in an extremely thin molecular 
layer, and, in the case of the photoelectric cell, the photoemission of the thin layer is 

much greater than that of the massive metal, Rubidium compounds are employed as 
reagents in microchemistry since their ability to form well-defined crystalline com- 
pounds makes them of great value in this important field. 
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Rubidium Carbonate. 


Rubidium carbonate, RbszCOs, formula weight 230.97, occurs as a colorless crystal- 
line powder. Tt can be made by treating rubidium sulfate with barium hydroxide, and 
evaporating the filtrate to dryness with ammonium carbonate; crystals of rubidium 
carbonate separate out. A better method consists mm treating rubidium nitrate with 
an excess of oxalic acid, converting the oxalate to the carbouate by careful and com- 
plete calcination, adding a limited amount of hot water, and then filtering otf the car- 
bon and any other insoluble impurities, Owing to the extreme solubility of rubidium 
carbonate in water (450 parts of the salt in 100 parts of water at 20°C.), partial con- 
centration of the aqueous solution tends to form a sirup and evaporation to complete 
dryness is necessary. The rubidium carbonate is extremely hygroscopic. 


Rubidium Chloride. 


Rubidium chloride, RbCl, formula weight 120.94, crystallizes from water in well- 
defined colorless cubic crystals, m.p. 715°C., b-p. 1390°C., sp.er. 2.76. Lt is soluble 
to the extent of about 139 parts in 100 paris of water at 100°C. and 77 parts in 100 parts 
of water at O°C. However, its solubility in 100 parts of alcohol at 25°C. is only 0.08 
part. Rubidium chloride is a stable salt; and when subjected to high beat melts and 
volatilizes without dissociation. It is more volatile than sodium chloricle, a fact to be 
borne in mind when analytieal chloride fusions are heing made. Rubidium chloride 
can be conveniently made by the gradual addition of a boiling aqueous solution of 
barium hydroxide to a hot aqueous solution of rubidium alum until a spot test with 
bromthymol blue indicator (color change, orange to blue) shows that the aluminum is 
completely precipitated. The precipitate is then filtered off, washed free of sulfates, 
and the filtered rubidium sulfate solirtion is treated with a solution of barium chloride 
to form rubidium chloride. 


Rubidium Hydroxide. See “Rubidium oxides and hydcroxicle.” 


Rubidium Nitrate. 


Rubidium nitrate, RbNOs, formula weight 147.49, crystallizes from aqueous solu- 
tion in well-defined crystals, m.p. about 317°C., sp.gr. 3.11. It ig soluble in water to 
the extent of 452 parts in 100 parts of water at 100°C., and only 19.5 parts in 100 parts 
of water at0°C. It can be made by the double decomposition of rubidium sulfate and 
barium nitrate. A simpler method is to heat pure rubidium chloride with an excess of 
nitric acid, evaporate to near dryness, repeat the addition of nitric acid portions util a 
negative test for chlorides is obtained, and finally crystallize the dry mass from water. 


Rubidium Oxides and Hydroxide. 


Four oxides of rubidium have been reported: Rh,O, formula weight 186.96, yellow 
cubes, sp.gr. 8.72; Rb:Oo, formula weight 202.96, yellow cubes, sp.gr. 3.65; RbeOs, 
formula weight 218.96, black powder, sp.gr. 3.53; and RbOs, formula weight 117.48, 
yellow powder, sp.gr. 3.05 (5). The most important of the four oxides of mbidium is 
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the superoxide, RbO:, which is the end product of the oxidation of rubidium with oxy- 
gen, Sce Peroxides, inorganic. 

Rubidium Hydroxide, RbOH, formula weight 102.49, white deliquescent crystals, 
m.p. about 300°C., sp.gr. 3.2, can be prepared from a hot aqueous solution of rubidium 
sulfate by the gradual addition of a boiling solution of barium hydroxide to the point 
of exact equivalence. Rubidium lnydroxide is very soluble in water and next to 
eesium hydroxide is the strongest base known. It is very hygroscopic and readily 
absorbs carbon dioxide from the air. It attacks ordinary glass and is best kept in the 
form of an aqueous solution stored in silver or platinum vessels excluded from air. 


Rubidium Sulfates. 


Rubidium sulfate, RbSO., formula weight 267.02, rhombic colorless crystals, 
m.p. about 1070°C., sp.er. 3.61, can be readily obtained from the alum by adding a 
hot solution of barium hydroxide to a boiling solution of the rubidium alum until all 
the aluminum is precipitated. This point is very well indicated by spot-testing for 
alkalinity with bromthymol blue (pH 7.6). The filtered solution should give no test 
for either aluminum or barium, and pure rubidium sulfate is then obtained by coneen- 
tration and reerystallization from water. Rubidium sulfate dissolves to the extent of 
about 82 parts per 100 parts of water at 100°C., and about 86 parts per 100 parts of 
water at O0°C, 

Rubidium alum (rubidium aluminum sulfate), RbAI(SOu)2.12H2O, formula weight 
520.8, m.p. 99°C., sp.gr. 1.89, erystallizes from aqueous solution iu well-defined color- 
less octahedral erystals. Tt has a solubility of about 43 parts in 100 parts of water at 
80°C., and about 1.3 parts in 100 parts of water at 0°C. Owing to the small difference 
in relative solubility at low temperatures, rubidium and cesium alums are separated by 
repeated fractional crystallization from water only with the greatest difficulty. Pure 
rubidium alum is au ideal starting material for the preparation of various salts of 
rubidium. 
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J. J, KuennEDY 


RUBIJERVINE, CosHsNO..H.O. See Alkaloids, Vol. 1, p. 502. 
RUBRENE, CygHee. See Hydrocarbons, Vol. 7, p. 614. 
RUBY, SYNTHETIC. See Gems, synthetic. 


950 RUFIGALLIC ACID 


RUFIGALLIC ACID, (OH)sCelI(CO)CFH(OM)s. See Anthraquinone derivatives, Vol. 1, 
p. 953. , . 


RUM, See Alcoholic beverages, distilled, Vol. 1, p. 300. 

RUTAECARPINE, CisHisNiO. Sec Athalords, Vol. 1, p. 496. 

RUTHENIUM, Ru. See Platinwm grown metals. 

RUTILE, TiO. See Pigments Grnorganic), Vol. 10, p. 619; Uetantum compounds. 
RUTIN, CyHaO.3H20. See “Buckwheat” under Cereals, Vol. 3, p. 603. 





